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ABSTRACT

Plasma messurements were made with a detector aboard
the Explorer 10 satellite, launched on a highly elongated el-
1liptical trajectory with the line of apsides about 33° to the Ge e 7
anti~solar direction. Magnetic field measurements were also 3
carried out on Explorer 10 by the Goddard Space Flight Center
of NASA.

A DPlasma moving with a velocity of about 300 km sect
was first observed when the satellite reached a distance of
gbout 22 earth radii. During the remainder of the observations
(which terminated sbout 40 hours later, at a distance of L2
earth radii) periods in which substantial plasma fluxes were
recorded alternated with shorter periods in which the plasma
flux was below or just above the detection limit. There was
a striking correlation between the plasma flux and the magnetic
field: in the absence of plasma the magnetic field direction
was nearly radial from the earth, while in the presence of
plasma, the field was irregular and generally formed large
angles with the earth-satellite direction.

The plasma probe did not prévide accurgte information on
the direction of the pla.smg flow, but placed the direction within
& "window" of about 20° X 80°. This window includes the direction
pointing radially awey from the sun.

The flux densities of the positive ions (presumsbly protons)
correspoﬁding to the observed currents were of the order of a

2 1

few times II.O8 cm < sec . They fluctuated over a range of about

a factor of two during the periods when plasma was observed.

1}/) L~



I INTRODUCTION

The purpose of this paper is to present the results of
plesma measurements performed by Explorer 10 (1961 Kappa) in
the near-by interplanetary space and to discuss them in re-
lstion to the magnetic field messurements made gboard the same
vehicle. A full report on the latter measurements has appeared
recently (Heppner, Ness, Scearce, and Skillman, 1963). In what
follows, we shall refer to this paper as HNSS. Preliminary reports
on both experiments have been prebsented at various scientific meetings
(Bridge, Dilworth, Lazarus, Lyon, Rossi, and Scherb, 1962; Heppner,
Ness, Skillman and Scearce, 1962 a, 1962 b; Rossi, 1961, 1962;
Bridge, 1962; Bonetti, Bridge, Lezarus, Iyon, Rossi and Scherb 1962 a,
1962 b). |

At the time when the instrumentation for Explorer 10 was being
planned, there were no direct observetions of interplanetary plasma
and the only indications for its existence came from arguments
based on various kinds of indirect evidence. Such evidence included
the behavior of comet tails, the scattering of solar light from the
distant solar corona and the zodiacael cloud, the occultation of
point-like redio sources passing in the general vicinity of the sun,
correlations between solar phenomena and geophysical effects, and
cosmic-ray observations indicating the existence of an interplanetary

megnetic field which was difficult to explain in the absence of a

plasna.
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For a review of evidence based on the observations mentioned
here, the reader may consult, for example, a paper by Rossi (1962).

While it was generally accepted that at least the inner
pert of the solar system should be filled with a dilute plasms,
presumabh- of solar origin and coneisting mainly of fully
ionized hydrogen, the estimates concerning the density of this
plasme varied over a very wide range, from a few particles to
several thousand particles per cm3. Similer uncertainties
existed with regard to the msgnitude and direction of the plasma
velocity, to its temperature, etc. Thus, the over-riding
requirement in the design of our instrument was that it should
be cgpable of providing meaningful results under a great variety
of possible situations. This requirement,together with severe
limitations in weight, power, and telemetering capability, made
it necessary to sacrifice accuracy for reliability and dynamic
range.

While the preparations for Explorer 10 were under wey,
Soviet scientists flew plasma probes on a number of space
vehicles, specifically Lunik 1 (launched in January, 1959),
Lunik 2 (lsunched in September, 1959), Iunik 3 (launched in
October, 1959) and Venusik (launched in February, 1961). These

be
probes couldAaperated 80 a8 to detect either positive ions of

ell energles, or electrons with energies above 200 ev. Their
consfruction consisted essentielly of a collector plate with two

grids in front of it. The inner grid carried a negative potential
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intended to suppress - photoelectric current fram the collector;
the cuter grid wes given different positive or negative potentials
with respect to the body of the satellite in order to obtain
some information on the energy of the plasma ions. The observa-
tions made during these flights were published partly before,
partly after the flight of Explorer 10 (Gringauz, Bezrukikh,
Ozerov and Rybchinskii, 1960; Gringauz, Kurt, Moroz and Shklovskii,
1960 a, 1960 b; Gringauz, 1961; Gringauz, Bezrukikh, Balandina,
Ozerov and Rybchinskii, 1962). Most directly pertinent to our
problem are the f;noﬂng points:
(a) Iunik 2 was fired a:fay from the sun. Redio contact with
this vehicle was maintained from take-off to a distance of about
30 earth redii (Re)’ and then egain from 39 R, to impact on the
moon. In the early part of the flight (up to sbout L Re) positive
-ion currents were observed, indicating the presence of a stationary
plasma, swei)t into the probes by the motioﬁ of the vehicle. No
positive-ion currents sbove background were detected from k4 R, to
30 Re' From 39 Re to the end of the flight, the probes indicated
a flux of positive ions with a density of about 2 X 108 particles
cm 2 secl., Memsurements made vith different voltéges on the
outer grid. showed that the energy of these ions was greater then
15 ev, but did not allow a more precise determination. No infor-
mation sbout the direction of the ion flux was obtained.
(v) Iunik 3 was leunched in the general direction of the sun.
An observation made at sbout 20 R, reveé.led a flux density of

about 4 X 108

have energies considerably greater than 20 ev. Other readings, .

positive ions cm 2 sec™); the ions appeared to
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taken at larger distances, did not reveel any detectable ion flux.
(¢) Venusik was launched in the general direction of the sun. On
at least one occasion, when the vehicle was at a distance of 297 Ry,
definite evidence for a positive ion flux was obtained; the density
of this flux was sbout 10° particles cm 2 sec™l.

It should be noted that, even though the supressor grid
eliminated "direct" photoelectric currents from the collector,
"inverse" photoelectric currents (see section II-B) were still
present. 1In most of the measurements, these currents seem to have

placed a lower limit of the order of 108 a2

sec™l to the detectable
flux density of positive plasma ions.

II INSTRUMENTATION

A. Particle Fluxes in a Moving Plasma.

The primary purpose of the plasma measurements performed by
Explorer 10 was to provide data on the density of the plasma, on
the direction of its bulk motion and on the msgnitude of its bulk
velocity, V 0° The bulk velocity is here defined as the velocity
(relative to the satellite) of the rrame of reference in which
the total momentum of the ions and electrons contained in a volume
element of the plasma vanishes. It was &lso hoped that some in-
formation would be obtained concerning the random velocities of
the plaesma particles in this frame of reference. We shall refer
to these velocitiesv as "thermal" velocities, without thereby
implying that the plasma fulfilled the conditions required for

the definition of a temperature (Maxwellian velocity distribution
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for each kind of particle, equipartition of enmergy between the
verious components).

shepe of the

In general, the Asignal from the plasma probe is determined
by the directional distribution and the energy spectrum of the
charged particles in the moving plasma. ILet us consider one of
the components of the plasme, e.g., the electrons or the positive
ions. If the "thermal” velocities of the particles in question
are very small compared with the bulk velocity Vo, then the
particles form a practically parallel beam having a single
energy E, given by E_ = 1/2 mvoa. If the "thermal" velocities
are very large compsred with Vo, then the particles have an

energy spectrum which practically depends only on their "temperature",

. and a directional distribution which is practically unrelated to

the direction of motion of the plasms as a whole. If the "thermal"
velocities are small, but not negligible compared with the bulk
velocity, then the particle beam, while no longer perallel, is
still strongly collimated in the direction of .‘-;o‘ ILikewise,

the beam, while no longer monoenergetic , has an energy spectrum
strongly peaked near the energy E = 1/2 mvoa. More precisely,

the mean angular spread of the beam will be of the arder of

AP =+ v‘/VOI (1)

where vy i1s the average magnitude of the "thermal" velocities
perpendicular to the bulk motion. Similarly, the mean fractional

energy spread will be of the order of

AE/E = [(vo 2 vyl 'on] / Voa‘x-f 2vy /Y, (2)
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vhere v,, 15 the averasge magnitude of the "thermal" velocities
parallel to the bulk motion. If the distribution of "thermal"
velocities is isotropic, then v, = Vy¢» and Egs. 1 and 2 establish
a connection between the angular spread and the energy spread of
the observed plasme particles.

If there wereeguipartition of energy between electrons and
positive ions, then the "thermal" velocities of the two kinds of
particles would be inversely proportional to the square root of
their masses (e.g., protons would be moving 43 times more slowly
than electronms). Although, s noted sbove, there is no reason
to belleve that such an equipertition is actuslly achileved,
it is still reasonable to assume that the "thermal" velocities
of the heavy positive ions are much smaller than those of the
electrons. Thus, we might expect that the bulk motion of the
plasma 1s much more clearly recognizable in the directional
distribution and in the energy distribution of the positive ions
then in the corresponding distributions of the electrons.

Actually, it turns out that measurements on the electron
camponent would not provide religble information on the bulk
motion of. the plasma, even if the "thermal" velocities of the
electrons were small éanpared with the bulk velocity V o° This
is because the kinetic energy of electrons corresponding to
reasonasble values of A is of the order of several ev at most
(2.5 ev for V_ = 1000 ka sec'l) and because the unknown

electric charge of the satellite introduces serious difficulties
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in the interpretation of flux measurements at these very low
energies ( see section IV-A below).

Another reason why measurements of electrons are of less
direct velue than measurements of positive ions is that,
presumably, the satellite is swrrounded by a cloud of photo-
electrons ejected from its surface by the soler radiation. These
electrons may not easily be distinguished from those belonging
to the plasms.

It is clear, therefore, that the quantity of most im-
mediate interest for our purposes is the flux of positive ioms
rather than the flux of electrons.

B. Description of the Plasma Probe.

The instrument used sboard Explorer 10 to measure the
flux of positive ions has already been described in some detail
in previous publications (Bridge, Dilworth, Rossi, Scherb and
Lyon, 1960; Bridge, Lazarus, Lyon, Rossi and Scherbd, 1962).
It is a device which separates the positive ions from the electrons
in the plasma beam entering the instrument and measures directly
the current I cerried by the positive ions. If the ions are
singly charged, this current is given by:

I = (elementary charge X ion flux), (3)

vhere the ion flux is the total number of ions that arrive
upon the collecting electrode per second.

During the planning of our experiment, we were concerned
ebout background currents produced by the photoelectric effect.
Estimates evailsble at that time (Hinteregger, Demon and Hall,

1959) indicated that ultraviolet rays incident on a metal plate
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facing the sun would produce a photocurrent of the order of 10-8 amp

cm- o This current was near the upper limit of the expected plasma
currents; unless suppressed to a very large extent, it would have
probably made it impossible to detect a plasma flowing from the direc-
tion of the sun.

The probe, whose schematic design sppears in Fig. 1, consisted of
2 metal cup containing several plane grids (Gl, Gys Goy Gh) and a plane
collector plate (CP). The cup was mounted in a hole on the outer wall
of the satellite, in such a way that grid G, (which closed the cup) was
part of the satellite's skin. Grids G, and Gy were directly attached to
the body of the vehicle, whose potential we shall tgke as zerc. The
collector plate CP was also connected, through a resistor, to the body of
the vehicle. Grid Gh was kept at a constant negative voltage of 130
volts.

In order to understand the operation of the probe, suppose first
that grid (}2 is at zero potential, and consider what happens when a neutral
plasma flows into the probe. The plasma electrons cannot traverse G, un-
less they have energies greater than 130 ev. Therefore, they flow to snother
grid or to the walls of the cup. The positive ions, on the other hand,
go through G4t end strike the collector, producing a current I as given by
Eq. 3.

The negative potential of Gh not only stops the plasma
electrons but also prevents the emcape of photoelectrons emitted
by the collector CP when it is exposed to sunlight. Thus, Gh

suppresses the so-called "direct photoelectric current"



vhich otherwise would add to the plasma cwrrent (in addition,
it suppresses secondary electron emission due to the impact of
charged particles on CP). However, sunlight reflected by
the collector onto the rear surface of Gh does produce a photo-
electric current, usually referred to as "reverse photoelectric
current”, which subtrects from the plasma current (as already
noted, this current appeers to have been a serious background
effect in the measurements made by means of the Soviet probes).

Suppose next that, keeping the other grids at the fixed
voltages specified above, we sapply to G2 8 voltage that varies
rapidly and periodically between zero and a positive value suf-
ficiently high to stop the positive ions. The positive ion flux
is periodically interrupted, whereas the inverse photoelectric
current is not affected in any way. Thus, the collector cur-
rent will contain a d.c. component which depends both on the
positive lon flux and on the inverse photoelectric current,
and an a.c. component which depends only on the positive ion
flux. By sorting out the a.c. component of the collector current
we can now messure the positive ion flux without interference
from photoelectric currents.

Any capacitive coupling betwen the modulating grid (;2
and the collector plate CP would cause a spurious signal to
eppear on CP. Grid Gy (made of close-spaced bronze mesh) was
added to reduce this effect to a negligible value. This grid
150 prevented modulation of the inverse photoelectric current

between CP and Glt‘
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We have neglected so far a possible contribution of electrons
with sufficiently high energy to overcome the retarding potential
of Gh' The positive pulsating voltege of (}2 will not stop these
electrons; however, it may slightly change the number of electrons
reaching the collector CP because the transmission properties
of the grid system may depend on the electric field distribution
between the grids. Thus, the electron flux on the collector may
be slightly modulsted and it will then contribute to the observed
a.c. camponent Of the collector current in proportion to the degree
of modulation. This question was investigated experimentally and
the results are described below,
The use of a pulsating positive voltage to modulate the
positive ions not only eliminates unwanted background effects 2
but also affords the possibility of measuring the energy of
the lons. In fact, 1t is clear that if singly-charged ions
with energy equal to E ev are incident perpendicularly upon
the pfo'be, the minimum amplitude of the pulsating voltage
needed for their modulation is Vm = E. In other words, the
a.c. current produced by s modulating voltage Vm is a measure
of the total flux of singly charged ions with energy E<V .
If, on the other hand, the beam is incident at an angle d with
respect to the normal to the probe, the pulsating voltage
necessary to modulate ions of energy E ‘is
Vm =E cong . (&)
In our probe the collector CP had an erea of 121 cm°,
end the combined transparency of all the grids was 23 percent

(the shield grid G3 by itself had a transparency of 36 percent).
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Thus, the effective area of collection for normal incidence was
28 cu®.

For oblique incidence, the effective area of collection
A is a decreasing function of the angle d between the ion
beam and the normal to the cup. We computed the dependence of
Aon d from the geometry of the probe and the estimated
variation of the grid transparencies. The result of this com-
putation is shown in Fig. 2 (dotted curve). It is seen that
the probe was campletely insensitive to ions incident at angles
greater then 63° to its normal.

The modulsting voltage was applied in the form of a square
wave with a frequency of 1400 cycles per second. Six different
amplitudes were used; i.e., 5, 20, 80, 250, 800 and 2300 volts.
(Since it was inconvenient to obtain pulsating voltsges varying
over such a wide range from a single supply, we used, in place
of 62, two separate modulating grids connected to two separate
supplies, one providing the lower three modulating voltages
and the other one providing the higher three modulating voltagea.).

A block diasgram of the electronic system appears in Fig. 1.
The collector CP was capacity coupled to a wide-band a.c. pre-
amplifier which had an input impedance of 15,000 ohms. This was
followed by & narrow-band filter tuned‘ to the modulation fre-
quency, by a compression (non-linesr) emplifier with a dynamic
range of about 5,000, and by erectifier. The rectified signal,

in the range from O to 5 volts, was applied to the input of

the telemetering system.
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The lower limit of the measursble a.c. current (determined

by the emplifier noise) was sbout 2 X 10" emp. The upper limit

(determined by saturation of the emplifier) was sbout 10™ ! amp.
Thus, for perpendicular incidence, the minimm detecteble flux

density (flux per unit area) was sbout 4 X lO6 singly charged par-

- - lo
; ticles cm 2 s~c l; the maximmm measursble flux density was about 2 X 10

f particles om™2 sec'l.

The collector CP was also directly coupled to a d.c. amplifier
through a 1- megohm resistor. The useful range of this amplifier
was from ebout 107" emp to 5 X 10”7 amp.

C. The Explorer 10 Configuration.

Fig. 3 shows the structure of Explorer 10 and the location of
the various instruments aboard this satellite.

The instruments used for measurements of the msgnetic field
included a rubidium vepor magnetameter and two flux-gate magneto-
meters (see HNSS).

The satellite spun around its axis of symmetry (see Fig. 3)
with a rotation period of 548 milliseconds. A sun-earth-moon aspect
sensor, instrumented by the Goddard Space Flight Center, provided
information on the orientation of the spin axis and on the instantaneous
angular position of the various instruments with respect to a plane
passing through the spin axis and the sun.

The normal to the plasma probe was perpendicular to the spin
exis. Thus, during each rotation it swept out a plane which we
nmay call the "equatorial" plane of the satellite. As explained

sbove, the probe was only sensitive to ions ‘ncident
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at angles smaller than 63° above or below this plane.

If the "thermal"” velocities of the ions are not large
compared with the bulk velocity Vo, the current recorded by
the probe varies periodically with the rotation of the satellite.
One should expect that it reaches & maximum at the time when the
angle c‘ between the normal to the probelg and the vector :;o
has its minimum value; i.e., when the probe looks as closely
as possible into the plasma stream. In order to express J
as a function of time, 1t is convenient to introduce the angles
defined in Fig. 4, i.e. the angle a between 330 and the equatorial
plane of the satellite, and the angle @ between % and the
projection of :3; onto this plane. As the satellite rotates, @
remains constant, @ increases uniformly with time, and the
instantaneous value of J is given by:

cos J = cos & cos@ . (s)

The shape of the current signals from the probe (collector
current I ve.3 ) depends on the degree of collimation of the
jon beam and on the value of the angle @. As an example, let us
consider the case of a parallel beam. If a = 0°, then ¢ = G
and the computed signal is illustrated by the dotted curve in
Fig. 2. Using this curve and Eq. 5, one can easily compute the
expected height and shape of the signals produced by parallel
beams incident at any angle & between Oo end 63°.

We have cansidered thus far a situation in which the

modulating voltage Vm is higher than the kinetic energy E of
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the ions; in this case, full modulation occurs at all sngles
of incidence. However, if v, £ E, modulation occurs only when
the angle of incidence is greater than the angle defined by
Eq. 4 (provided J is smaller than 63° - the maximm angle of
acceptance of the probe). Thus, for cos® 63° < v, / E<cos a,
the current signal obtained during the rotation of the satellite
will have a characteristically "horned" shape such as illustrated
in Fig. 5 for the case of @ = 0°,

D. Leboratory Tests.

Prior to the flight, we subjected the probe and the associsted
electronic circuits to extensive laboratory tests, and other tests
were made after the flight on & duplicate of the flight unit.

The probe was placed in a vacuum system and exposed to
perallel beams of protons of various energies and at various
angles of incidence. We thus verified that for each energy and
for each angle, there was a sharp lower 1limit, Vm, for the amplitude
of the voltage necessary to modulate the proton beam, and that Vm
sgreed with .the value given by Eq 4. Above this 1imit, the a.c.
signel was found to be independent of the modulating voltage.

It was also verified that even the highest modulating
voltages did not produce a detectable signal through capacity
coupling of the modulating grid to the collector plate.

In order to determine the importance of photoelectric ef-
fects in the cup, we placed in the vacuum system a source of
ultraviolet rays whose intensity at the probe was esbout one
third the intensity of solar ultraviolet rays. At the beginning
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of the test, a small signal was detected, but it disappeared when
the probe had been thoroughly outgassed. We attribute this signal to
photoionization of the residual gas.

The probe was exposed to a beam of electrons of sufficient
energy to overcome the retarding potentisl of Gh' An a.c. signal
was observed corresponding to a partial modulation of the electron
flux, the degree of modulation depending somewhat on the electron
energy and on the modulating voltage. The modulated component was
usually one to three percent of the total flux, in no case larger
than 5 percent. Thus, the probe, when operated as described, detects
only a small fractiom of the high-energy electrons that msy be present
in the plasmsa.

Using a well-defined narrow beam of electrons, and keeping
Go at zero potential, we tested the geometrical response of the
probe, i.e.,the dependence of the effective area of collection A on
the angle of incidence J . The solid curve in Fig. 2 represents
the results of these measwrements. This curve msy be compsred with
the camputed response curve (dotted in Fig. 2), both curves having
been normalized to A = 1 at normal incidence. While there is no dif-
ference in the cut-off angle, the experimental curve is about 10°
wider than the computed curve at half height. In what follows, we

shall refer to the solid curve in Fig. 2 as the geometric response curve

of the probe and we shall use this curve in the analysis of our data.
The geametric response curve and Eq. 5 can be used to compute

the effective area of collection A as a function of the angles &

and @ (see Fig. 4). Curves showing A vs @ for verious values of Q,
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normalized to A = 1 for perpendicular incidence, sppear in Fig. 6. To
bring out more clearly the differences among the shapes of these curves ,
we have replotted them in Fig. 7 after normalizing each curve to A= 1

st @ = 0. %

* These curves differ somewhat in shape fiom those shown in Figs. 10 - 1k
of our previous commmication (Bridge, Dilworth, Lazarus, Lyon, Rossi,

and Scherb, 1962) because of a plotting error in the earlier curves.

We also used the narrow electron beam and a deep Faradsy well to
make an absolute calibration of the probe for normal incidence.

Fina.l.‘l&, we tested the effect of the electronic circuits on the
signals by putting in pulses of known shepe and recording the corres-
ponding output pulses. Some of the results thus obtained are shown in
Fig. 8. The input signals are those computed for parallel ion beems
incident at different angles to the equatarial plane of the satellite.
They are represented by curves identical to those shown in Fig. T, with
the time scale adjusted to the period of rotation of the satellite.
There are two main effects produced by the electronic circuits: (1)
the pulses are distorted by the ndn—linear_ am;}liﬁer which tends to
increase their width, and (2) the pulses are delayed by about 15
milliseconds (corresponding to @ = 10°) aue to the time constant of the
rectifier., The non-linear distortion of the pulses increases rapidly

with their amplitude, so that large pulses are significantly wider than

smaller pulses.




-17-

No further significent distortion of the cwrrent signals
was introduced by the telemetering circuits, or by the data pro-

cessing equipment on the ground.

III THE FLIGHT

The flight of Explorer 10 is described in detail in HNSS. We
recall here 1its main features.
The satellite was placed into a very elongated elliptical
trajectory with an-apogee of 46.6 earth radii (Re). The line of
epsides was aboul 33° to the antisolar direction.
Fig. 9 shows the trajectary in a solar-ecliptic cartesian frame
of reference, with one of the coordinate planes parallel to the
ecliptic, end another perpendicular to the sun-earth line (whic;x,:;racti-
cally the same as the sun-satellite line). Fig. 10 shows the pro-
Jections of the orbit onto the three coordinate planes, and Fig. 11
describes the frame of reference that we shall use to specify directions;
the angular coordinates are. the ecliptic latitude @, and the solar
ecliptic longitude § (measured eastward from the earth-sun line).
Fig. 12 18 a Mercator projection of the celestiél sphere drawn
using § as ebsissa and © as ordinate. Shown on this map are: |
(a) the spin axis orientation "A"(which was fixed throughout the \
flight); | |
(b) the plane "n" traced by the normel to the probe during the
rotetion of the vehicle (notice that the sun-vehicle line made an

angle of 22° with this plane);
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(¢) The plane "p" which contained the spin axis and the direction
to the sun;

(d) The regions (shaded oval areas) for which @ > 63°. The sensi-
tivity of the probe was a maximm along the plane "n" and dropped
gradually to zero at the boundary of these regions.

The sgtellite was powered by chemical batteries, which provided
relisble operation for sbout 50 hours, duwring which time the satel-
1lite reached a geocentric distance of sbout 42 R,

Fig. 13 shows the telemetering sequence. One sees that during
a telemgtering cycle, lasting 148 seconds, 5 seconds were assigned.
to the plasma probe. These 5-second intervals were subcommitated by
an internal progrem &nd were used to transmit sequentially the
following data:

() a marker signal;

(b) the output signal of the d.c. amplifier;

(c) the output signal of the a.c. amplifier as the probe wes operating
with one of the six modulating voltages.

Thus, a complete plasma probe sequence consisted of eight tele-
metering cycles and lasted 19" 4°,

Because of the low sensitivity of the d.c. amplifier, no current
measurements were obtained in the d.c. mode,

As explained in HNSS, the rubidium vepor magnetometer operated
satisfactorily only during the early part of the flight. Thus, the
magnetic field measurements that are of interest for a comparison with
the plasma meamn’gments at large geocer_rbric d.isté.nces were obtained

with the flux-gate magnetometers. As seen from Fig. 13, the flux-gate
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mneasurements were made immedistely before the plasma measurements.

IV GENERAL RESULTS e

The flight of Explorer 10 may be divided into four periods,
characterized by distinctly different conditions of the plasma and the
magnetic field.

A. First Period (3-25-1517, R = 1.0 R, to 3-25-1629, R = 3.9R,)-

The first signal from the plasma probe was received at 3-25-1522 (meaning
March 25, 15® 22® UT), sbout 5 minutes after 1iPtoff when the satellite

was at an altitude of sbout 200 kilometers (geocentric distance

R = 1.03 Re) ; the modulating voltage was then 20 volts.
From that time until 3-25-1610, when the satellite was at
R = 3.0 Re, a plasma current was detected whenever the probe was

operated with any one of the six different modulating voltages (except
in two cases, occurring at the 2300 volt modulating level, when noise
obscured the telemetered signal). During each of the S-second tele~
metering intervals, the current varied periodically with the rotation
of the satellite, the maximm occurring at the time when the normal
to the probe came closest to the direction of motion of the satellite.
The current maxima observed with the various modulating voltages, when
plotted sgainst geocentric distance, lay close to a smooth curve,
indicating that the cwrrent wes independent of the modulating voltage
(from 5 to 2300 volts). The current pesks decreased from a value of

about 9 X 10"8 amp at R = 1.03 Re to a value of sbout 2 X 10-103m

at R = 3.0 Re'

The above results can be understood if one assumes that during
this part of the flight the satellite was moving through a relatively
stationary plasma. Up to 3 R, the velocity of the satellite relative
o the earth veried from sbout 10 to ebout 5 km sec ' (the meximm
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velocity during the acceleration period was 10.9 km sec—]) Protons gt
rest with respect to the earth would have kinetic energies of a few
tenths of one ev, oxygen or nitrogen ions energies of a few ev, with
respect to the satellite. These energies are consistent with the
observation that full modulation of the plasma current occurred at
the 5 volt level.

The order of magnitude of the current is consistent with the
ion densities deduced from whistler data (Smith and Helliwell, 1960).
There are, however, several reasons why it is difficult to draw firm
quantitive conclusions from the observations made during this period:
(a) Explorer 10 reached a distance of 3 R, in less than one hour; thus
this observatibn period included less than three complete telemetering
sequences.
(b) It 1s known that a satellite in orbit acquires a certain electric
potential with respect to the medium as a result of (1) the differential
velocity of electrons and i)ositive ions in the surrounding plasma,
(2) the photoelectric effect due to solar ultra-violet rsys and (3)
the secondary electron emission due to bombardment of high-energy
particles. The first effect tends to make the satellite electrically
negative, the two last act in the oppadsite direction. Presumsbly,
the resulting potentisel, which might be of the order of a few volts,
changes with altitude; during the flight of Explorer 10.1t might even
have reversed its sign. Such a potential would substantially affect
the flux of low-energy positive ions into the probe.
(c) The probe was not yet compkbely outgassed. As we had found in the

1gboratory (see section II-D), incomplete outgassing makes the probe
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slightly sensitive to electromagnetic radiation capaeble of ionizing
the residual gas. In fact, toward the end of the first period, small
secondery maxima, corresponding to currents of sbout 10~+° amp or less,
began to appear at the highest mcdulating volteges. These maxima oc-
cured when the normsl to the plasma probe came closest to the solar
direction. We are inclined to ascribe them to photoionization by
solar U.V. or X-rays. Presumsbly, photoionization currents had not
been observed in the earlier part of the flight becsuse the plasma
currents were strong enough to obscure them.

The magnetic field measured by the instruments eboard Explorer 10
during this period did not deviate much from a reference field defined
in HNSS as the "main geomagnetic field" (which is sn extrspolation of
the field measured near the earth's surface, made under the assumption
that the field is entirely produced by sources below the region of
observation). However, there was same evidence for a small perturbation
such as might be produced by a ring current at about 3 Re.

During the last telemetering sequence of the first period, while
the vehicle was moving from 3.0 R e to 3.9 Re’ the plasma current de-
creased to a value below the detection limit. This rapid disappearance
of the plasma current sgrees with the observations of the Soviet scientists
(see section I). However, present uncerteinties concerning the electric
potential acquired by space vehicles call for some caution in the inter-
pretation of these results.

B. Second Period (from 3-25-1629, R = 3.9 R, to 3-26-0408, R = 20.9 Re).

In this period no currents were observed which could be ascribed

to the motion of the satellite through a stationary plasma. However,




during the first part of the period the probe continued to give the

small signals, due presumably to photoionization of the gas, which had
already been observed at the end of the first period. These signals
gradually faded awey because of the progressive outgassing of the probe.
During a bk-hour interval extending from 3-26-0001 (R = 16.3 R e) to
3-26-0408 (R = 20.9 Re) no currents were recorded at any of the modulating
volfages.

For our purposes, the most lmportant result of the observations made
during the second period is that, vhen the probe was sufficiently well
outgassed, it became practically insensitive to sunlight, which confirms
the results of our laboratory tests: In eddition, these observations
provided a check on possible disturbances of the electronic equipment.

The only disturbances detected were some anomalies appearing occasionally
in the 2300 volt modulation mode. Such anomalies (which were probably
due to the large currents in the circuit supplying power to the modulator)
included: (1) an occasional premature termination of the normal 5-second
on-time of the probe, and (2) an occasional abnormal shift in the zero
level of the output signal. This shift in level msy have obscured

small plasma currents (corresponding to less than 1.5 X 10”20 emp;

(see -section V-C)*

# In this connection, we note that even under normal undisturbed
conditions, the zero level was slightly shifted when the probe was
operated at the 2300 volt modulation level; we attribute this shift

to insufficient electrical isolation of the amplifier from the modulator

circuits,
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The anomalies noted above persisted throughout the flight; in a
number of cases they made it impossible to6 obtain reedings at the
2300 volt modulstion level.

The measurements of the magnetic field during the second period
(see HNSS) revealed a field that deviated more and more from the
"main geomagnetic field" until, toward the end of the period, the field
lines became nearly redial from the esrth. The magnitude of the field
decreased gradually, but much more slowly than the "main field". However,
near the end of the period (i.e.,beginning at 3-26-0250, R = 19.5 Re)
the field, which had been for some time near 25}’ s began to increase
gradually. - After one hour, it reached a value of about 32Y¥ (these
field strengths may be compared with a value of 4.5 ¥ for the extra-
polated "main field").

C. Third Period (from 3-26-0408, R = 20.9 R, to 3-27-1437, R = 41.3 Re)»

Beginning at 3-26-0408, when the satellite was at a geocentric
distance R = 20.9 R, small plasma currents (€2x 10°l°amp) were
observed intermittently.’ Then at 3-26-0603 (R = 22.7 Re) mach
stronger and more persistent signals appeared.

Though the plasma cwrrents observed earlier during the first
period were fully modulated even at:lsle.volt lével, substantial modula-
tion now occurred only at the three highest voltage levels (250, 800
and 2300 volts), with en occasional small signal at the 80 volt level.
This means that the positive ions of the plasma had energies of the
order of several hundred ev.

Since Explorer 10 was sbout 23 earth radii awsy from the earth,
it is reasonable to assume that the observed plasma, whether of

terrestrial or soler origin, consisted mainly of ionized hydrogen,

_ with perhaps a small admixture of ionized helium. In discussing
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our experimental results, we shall assume that the positive ions
detected by the probe were protons. Under this assunption, the
ion velocities corresponding to the observed enei‘gies were of the
order of several hundred km sec T, '

The plasma current varied periodically, going through a sharp
maximum during each rotation of the satellite, then falling below the
detection limit for more than half of the rotation period (Fig. 1k%).

Thus the positive ions formed a reasonsbly well-collimated beam. In
other words, the "thermal" velocities of these ions were substantially
smaller tﬁan the bulk velocity of the plasms. |

After correcting for the time response of the electronic
system (see section II-D), it was found that the current pesks oc-
curred at about the time when the angle between the normal to the -
probe and the direction of the sun was a minimm. As already mentioned,
this minimm angle was sbout 220. Making a generous sgllowance for the
eiperimental, errors, we conclude that the vector ?o describing the bulk
velocity of the plasma was within 10° to the plane passing through
the spin axis of the satellite and containing the sun-earth direction
(plane "p" of Fig. 12).

Since the sénsitiv:lty of the probe was zero for a > 63°
the vector’\’ro vas certainly at an angle smaller than 63° to the equatorial
plane of the satellite.

Additional information on the value of the angle @ is contained
in the shape of the current signals. The possibility of an angular
spread in the positive ion beam 18 a complicating factor in the inter-

oretation of the observed shapes, 80 that a very detailed analysis is
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needed to extract from the experimental data all of the potentially
availeble informstion. Such an analysis has not yet been completed;
however, preliminary results plece an upper limit of about 40° to the
velue of @, Thus, the possible directions of the "plasma wind" ere
restricted to a "window" bounded by the cones corresponding to a = + Lo°
and by the. planes st + 10° to the plane”p" (see Fig. 12). Notice that
the antisolar direction is well within this window. Notice also that
for o = 40 the effective area of collection of the probe is 3.7
times smaller than for a = 0° (see Fig. 2).

The situation described above prevailed for sbout 75 percent

of the time during the period considered here. However, on several

_occasions, end for time intervels of the order of hours, the plasma

current fell to a value below (or occasionally barely above) the noise
level and then later resppeared in full strength (i.e., with a value
more than 10 times the noise level). The portions of the trajectory
where substantial plasma currents were recorded are marked by the
heavy lines in Fig. 10.Y During the third period, the magnetic fielc,
as described in HNSS, underwent sharp trensitions from a situation
where it was nearly radial from the earth (as it had been at the end
of the second period) to a situation where it was at a large angle to
the earth-satellite line, The changes in the plasma current mentioned
gbove showed a striking correlation with these changes in the field
direction. Substantial plasms cuwrrents consistently sppeared whenever
the field changed fram radial to non-radial, and dissppeared whenéver

the field reverted to the radial configuration.

D. Fourth Period (From 3-27-1437, R = 4L.3 R,, to 3-27-1800, R = k2.3 Ry ).

~ This period was characterized by magnetic disturbances, which in-

cluded the sudden commencement of a magnetic storm observed on the earth
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at 3-27-1503. At sbout the seme time, there was a substantial increase
both in the plasma flux and in the magnetic fieid strength measured

by Explorer 10. These higher intensities persisted, with some
fluctuations, until _the end of the observations; i.e., for sbout 3.5
hours. Dn‘ing the first two hours of the fourth period, there was

also a considerable increase in the mean energy of the plasma protons.
Later, however, the mean energy sppeared to return to the prestorm
value. At abuut 3-27-1800, the zero-levels shifted, due to exhaustion
of the chemical batteries, and the data obtained after this time were

no longer religble,

V. DETATLED ANALYSIS OF THE EXPERIMENTAL DATA,

\
!

For the ;rea.sons explained in gection IV, we have not attempted
to carry out 'a detailed analysis of the data obtained .in the viecinity
of the earth, .bu'l: have cnncentrated our attention on the plasms measure-
ments made in:.the more distant regions.

The grapﬁs in Fig. 16 provide an over-all view of these measurements
and afford a ‘c':cmparison with the magnetometer data obtained by the Goddard
group. The vAe‘rtic'a.l bars in the bottam part of this figure represent.
the "nominal™ flux densities corresponding to the maxima of the signals
recorded at the various modulation levels. By "nominal" flux densities,
we mean the numbers of positive, singly-charged lons per cm2 per sec,
computed from the observed currents assuming normal incidence upon the
probe. Above this greph are graphs giving the megnitude B of the

magnetic field, and -the angles @ and @ which specify its direction
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(see Fig. 11). These data were kindly provided us by Ir. Heppner
prior to their publication and are identical with those appearing in
HNSS.
A. Third Period - Correlation Between Plasma snd Magnetic Field

The correlation between magnitude of the plasma current and
direction of the msgnetic fielt_i_. is clearly visible in the graphs of
Fig. 16. We shall now examine it in more detail.

Inspection of Fig. 16 shows that during the third period, the
current signals obtained at the 800 and 2300 volt modulation levels
were, on the average, nearly equal. Thus, full or almost full modu-
lation of the plesma protons was schieved at both these levels, so
that we may take the heights of the corresponding current signals as
a measure of the total "nominal” flux density of plasma protons.

Thé i:istogram in Fig. 1T gives the frequency distribution of the
flux densities observed during the third period, based on all available
readings at the 800 and 2300 volt levels.

It is clear from this graph that the observed flux densities
fall into two distinct groups; a narrow group, including those cases
wnere the flux density wes below or barely above the detection limit

6

(& X 10 1

. sec'l), and a broad group peaked somewhat sbove 108 cm sec™t.
We shall refer to the observations corresponding to the two groups as

week and strong plasma signals respectively. Because of the small

number of intermediate cases, the distinction between wesk and strong
signals does not depend critically on the choice of the flux density

used for the separation of the two groups. In vhat follows, we shall
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set this limiting flux density at 5 X 107 cm 2 sec™t.
As already noted, each plasma measurement wes preceded, within

a few seconds, by measurements of the magnetic fleld made by means
of the flux-gate magnetometers. In Fig. 18. we have plotted the
directions of the magnetic field measuren before each of the availsble
plasma readings at the 800 volt and 2300 volt levels. Open circles
refer to magnetic fields associated with strong plasms fluxes and
solid dots refer to magnetic fields associated with wesk plasma fluxes.
During the time of observation, the representative point of the
vector pointing from the earth to the satellite moved along the
short line segment E, E,. One sees that practically all the solid

dots fali within & restricted area around this segment (enclosed by
the line'a"in Fig. 18). The very few exceptions correspond to measure-
ments taken when plasma and magnetic conditions were changing.rapidly,
or when the plasma signel was close to the limiting velue of 5 X 107
cm sec-l. On the other hand, prm‘:tically all the open circles fall
outside this area. They are distributed over a wide region, but not at
random throughout the msp, clustering main]qr in the area to the south
of the ecliptic plane, between - 30° and + 110° ecliptic longitude.

These results point to the conclusion that during the third

period, Explorer 10 encountered slternstely two distinct physical
situations. The first, vhich shall be called situation A,was
characterized by weak plasma fluxes, often below the detection limit,
and by nearly radial magnetic fields. The second, which shall be

called situation B, was characterized by strong plasma fluxes, and

by non-rediel fields. Note that the field directions corresponding
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to situation A f£ill the region demoted as "region A" in Fig. 23
of HNSS, while the field directions corresponding to situation B
fall within regions "B" and "C" of the same figure.

While measurements of the magnetic field were made during every
telemetering cycle (i.e., every 2% 28%), significent plasms data were
obtained only during the 250, 800, and 2300 volt modulation periods
or roughly 3/8 of the time during vhich the plasma probe was turned
on. On the other hand, the essentially one-to-one correspondence between
the megnetic field and the plasma fluxes, estsblished by all nesar-
similtaneous observations of these two quantities, enables us to
use the magnetic field measurements to identify the times at which
transitions between situation A and situation B occurred more pre-
cisely than we could do by means of the less frequent plasma signals.

As noted also in HNSS, it was usually found that the conditioms
typical of situation A or B persisted through many observations;
then, quite suddenly, often within the 2™ 28% separating two sub-
sequent magnetic meamurements, a switch to the other situation occurred.
We shall call these changes "simple" transitions. Occasionally,
however, it appears that situations A and B alternasted rspidly during
time intervals extending through several magnetic field snd plasma
measurements. We shall call these "complex" transitions.

The time intervals in the third period during which situations
A end B prevailed, and the types of transitions between them, are shown
in Teble 1. Details of the measurements mede in the vicinity of the

trensitions sppeer in Tsble 2. Listed in Tebles 3 and 4 are the
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average magnitudes and the average directions of the magnetic field
observed during the various intervals of type A and type B respectively.
The average directions of the magnetic field are also shown graphically
in Fig. 19, where solid dots correspond to situations of type A and
open circles to situations of type B. The number by each experimental
point specifies the time interval to which the point refers, according
to the listing in Table 1.

Tebles 3 and 4 show that the magnetic field was usually wesker
in the presence of plasma (situation B) then in the absence, or near-
sbsence of plasma (situation A). However, the strength of the magnetic
field did not correlate with plasma conditions quite as strikingly ss
did the direction of the field.

We call attention to the fact that, in contrast with the steady
behavior of the magnetic field characteristic of situation A, the field
in situation B underwent substentisl changes during each time interval
(the bars crossing at the point No. 2 in Fig. 19 are an indication of
the spread in the direction of the magnetic field observed in the cor- |
responding time interval). However, the changes were usually gradusl
and not quite as large as those occurring from one time interval to
another. One exception was the long interval No. 10 during which
substantial changes of the magnetic field (as well as of the plasma
flux) were observed. For this resson, intervel No. 10 is divided into

four sub-intervels in Tebles 1 end 4 and in Fig. 19.%

# This subdivision, while based on the behavior of the plasma flow and

the magnetic field, is admittedly somewhat arbitrary.

B. Third Period - Properties of the Plasma Observed in Situationsof Type B.

From an experiment of the type considered here, one would wish,

ideally, to determine the energy spectrum and the total flux of protons
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per unit area per unit solid angle in sny given direction at any
given instant of time. Actually, our instrument was not designed
to achieve anything spproaching this ambitious aim. However, the
experimental data contain information of a somewhat more specific
nature than the qualitative results presented in section IV-C.

(1) Plesme Flux Densities

Because of the frequent electronic disturbances which interfered
with the measurements at the 2300 volt modulation level, we chose to
use the measurements at the 800 volt level to evaluate the total flux
density of plesma protons. As we shall discuss later in more detail,
it is possible that a small fraction of the plasma protons did not
undergo modulation at this level. We believe, however,
that the error introduced by this lack of complete modulation is
negligible within the accuracy claimed for the absolute values of the
plesma current in the present experiment. The flux densities measured
at the 800 volt level, which are shown in Fig. 16, are replotted on
a condensed time scale in Fig. 20. It can be seen that these flux
densities exhibit both short-time fluctuations and long~time changes;
moreover, the long-time changes have a larger amplitude than the short-
time fluctuations. Therefore, it is meaningful to compare the time aversges
of the flux densities observed during the individual time intervals of
type B. These averages sppear in Table 4 under the headingf(8oo).
(2) Dependence of the Plasma Current on the Modulating Voltege

The main sowrce of information on the energy spectrum of the

plesma protons lies in the relative amplitudes of the current signals
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observed with the different modulating voltages. However, because

of the time fluctuations in the plesma flux, it is not possible to

draw firm conclusions from a comparison of consecutive measurements

at different modulation levels. A more promising approach is to com-
pare the averages of such measurements for each of the time inter-

vels. This 1s done in the last three colums of Tsble 4, where we

list the ratios of the aversge nominal flux densities observed at the

80, 250, and 2300 volt levels, § (80), § (250), and § (2300), to that
observed at the 800 volt level, E (800).

As & comment on these datae, we note the fellowing: The current
signals at the 80 volt level were often below the detection limit,
particularly during those time intervals when tgﬁ:gghx density was low.
The pairs of figures appearing under f (80) / i (800) represent lower
and upper limits for this ratio, computed respectively under the as-
sumptions that the flux density corresponding to a signal below the noise
level was (a) zero, or (b) equal to the minimum detecteble value
(b X 10° cm 2 sec"l). We see that during some of the time intervals
—5 (80) /E.(BOO) was of the order of one or two percent; during other
time 1ntervals?(80) /f (800) might heve had any value from zero to
several percent.

The velues off (250) / F (800) 1isted in Teble 4 vary from 5
percent to 15 percent. The values of E (2300) / E (800) oscillate
around unity, from & minimm of 81 percent to a meximm of 109 percent.

There are two possible interpretations for the variability of these

ratios. The first is that it is due to short«time fluctuations in the
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total proton flux whose effects are not entirely eliminated by the
averaging process. The second is that it is due, at least in part,
to changes in the energy spectrum of the protons.

If we accept the first interpretation and assume, accordingly,
that the proton spectrum was the same during all time intervals listed
in Teble 4, we do not need to consider tﬁese various time intervals
separately, but we may take forf(aso), E(eoo) andj(2300) the
averages of the measurements made at each modulating voltage during
all such time intervals. As for the computation of_-i (80), it is
more sdventegeous to considér only those time intervals when the
total flux density was sufficiently high to Yield significant data
at the 80-volt modulation level (intervals No. 2, 4, 6, 10c). The
results obtained in this manner are listed in the first row of Table 5.

At eny one instant of time, the ratio @ (2300) / @ (800) must be |
greater than or equal to unity because there cannot be more protons
with energies below 800 ev than protons with energy below 2300 ev.

The ratio of the over-sll averages of § (2300) and # (800) is actually
close to unity. According to the interpretation discussed here, the
reason whyf (2300) /E(BOO) is less than unity for the averages taken
over some of the individual intervels must be found in the short-time
fluctuations of the flux.

There are, however, strong arguments against this interpretation.

In the first place, the changes of the ratioE(ZSO) / _—@'_(Boo)
for the individual time intervals were, percentasgewise, much greater
than those of the ratiof(aaoo) | & (800). 1If both changes were due
to fluctuations of the total proton flux, they should be epproximately

equal in relative megnitude.
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In the second place, there appears to be a definite correlastion
between the values off(aso) /f(aoo) and the values of§(2300) /E‘.(soo)
relative to the seme time intervels. For example, in all four cases where
'fg"(aso) /E(Boo) > .10, we £ind that 3(2300) /5(800)> 1.0 , wvhereas
in five out of seven cases where f’(aso) /E(aoo) £ .10, we find that
f (2300) /f(aoo) < .95. Thus, the experimental data support the inter-
preté.tion that the proton spectrum did indeed change from one time interval

l to another, and we shall now analyze our results umder this assumption.

Gince the accuracy of the data 'does not wa:rré.nt a more detailed treat-
ment, we shall group together, for the purpose of analysis, all time
intervals for which f(aso) /f(aoo) = .10 (®. 2, 4, 6, 10b 10¢) and
all time intervals for whichf(aso) / f(aoo) <.1o@o. 8, 10a, 104,

12, 14, 1.6):. The ratios between the average flux densities computed

separately for these two groups sppear in the second and third rows of

Table 5. Wé see that 3(2300) /3—(800) has a value of 1.04 for the first
group and a value of 0.92 for the second group. As already pointed out,

the "true" value of this quantity cannot be smaller than unity. To

explain the value 0.92 as a statistical result due to short-time fluctustions
in the proton flux would not be consistent with the point of view adopted
here. On the other hand, it is possible that we msy have slightly misjudged
the effective gain of the campression amplifier when the probe was operated
at the 2300 volt level, because as already noted, the zero line was somewhat

displaced in this mode of operation. We can estimate a lower limit for the




instrumental error by assuming that E (2300) /E (800) was actually
unity for the time intervels of the second group. This lower limit |
amounts to 8 percent; therefore, the minimm value of the correction
factor is 1,08. With this correction factor, the value of

7 (2300) / 7 (800) for the bime intervals of the first group becomes
1.13.

(3) The Proton Energy Spectrum

If we neglect the angular spread of the plasma protons and assume
that the particles formed a parallel beam, we can relate the flux
densities observed at the various modulating voltages directly to
the energy ‘spectrum of the protons. The uncertainty in the value of
the angle @ which the proton besm formed with the equatorial plane of
the satellite introduces an uncertainty in the value of the energy
because thezminimm voltage needed to modulate protons of energy E
is Vm =B cos2 . In what follows, we shall call the quantity E cosa a
the "nominq.f!." proton energy.

Fig. 21 showst::alues of § (80), F (250), F (800) and F (2300)
for the two groups of time intervals (see Table 5), normalized to
unity at 2390 volts. According to our assumptions, these values
represent the fractions of protons in the total flux whose nominal
energies are less then 80, 250, 800 and 2300 ev respectively. We
see that, during the time intervals of the first group, a very small
fraction of the protons have nominal energies lower than 80 ev and
a somevhat J.arger fraction have nominal energies greater then 2300 ev.
During the time intervals of the second group, the spectrum sppears
to be narrower, but is less well defined; the data in fact are con-

sistent with a complete ebsence of protons with energies less than
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80 ev or more than 800 ev, but they do not rule out the
possibility that a few percent of the protons may have energies
beyond these limitse.

The energy spread of the plasma protons may be interpreted

in terms of a "thermal" agitastion of these particles in the
frame of reference of the moving plasma. For the sake of
orientation; let us compare the experimental results with the
energy spectra computed under the assumption that the "thermal"
velocities obey a Maxwellian distribution, corresponding to a
certain: temperature T, and let us simplify the calculations
by neglecting the components of the thermal velocities perpendicular.
to the direction of bulk motion. (This simplification is con-
sistent with the assumption of, a parallel proton beam and is
partielly Justified by the fact that the perpendicular components
of the thermal velocities have only a second-order effect on the
resultant velocity of the protons, while the parallel components
have a first-order effect.) The kinetic energy of the individual
protons (E = mve/é), the proton energy corresponding to the
bulk motion (Eo = mV2°/2) , and the mean thermal energy in one
dimension (kT/2) appear only through their ratios in the
results of this computation. Since the experimental spectra
are given in terms of the "nominal" energy, vV, =E cos® a,
camparison with the theoretical curves yields information on

2

the "naminal" energy of bulk motion, E, cos” O, and on the
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"nominal" temperature, T <:os2 @, The results of this comperison
are shown in Fig. 21. One sees that the experimental points
for the first group of time intervals fit satisfactorily the
thearetical curve corresponding to E cos® & = 420 ev and to

T cos2 a=6x10 %. Considering the uncertainties of the
neasurements and the c:zjude character of our analysis, we assign
an uncertainty of + 15 percent for the value of Eo con.v.2 a

and a range of values from 4 X 10° % to 1 X 10° % for the
nominal temperature.

Less definite conclusions can be reached concerning the
conditions of the plasma during the time intervals of the second
group, except that the spectrum gppears to be narrower, and,
therefore, the nominal temperature appears to be lower than

that of the plasma observed duwring the time intervals of the

Pirst group. The nominael energy of bulk motion, on the other
haend, is probably not very different from that estimated above.
(The fen‘tative spectrum shown in Fig. 21 corresponds to Eo c:os2 a=
L20 ev and T cos2 a=2.6X 1()5 OK; this temperature represents

an spproximate upper limit for the range of temperatures which
could be used to obtain reasonable agreement between the experi-
mental data and the theoreticel model.)

Ancother source of information on the proton energy spectrum
may be found in the shapes of the current signals. Throughout
the third period of the flight, the signals at the 2300 volt
and at the 800 volt modulation levels had round tops, while those
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at the 250 volt level had flat tops (see Figs. 14 a, b). This is con-
sistent with the tentative spectras shown in Fig. 21, according to which
the flux density of protons with nominal energy less than E increases
rapidly neer E = 250 ev,cincheases slowly near E = 800 ev and has alresdy
reached saturation befare B = 2300 ev. (As the rotation engle @ increases,
the effective area of collection decreases but the energy of the protons
which can be modulated by a given modulating voltege increases; if the
spectrum is sufficlently steep, the consequent increase in modulated flux
compensates for the decrease in collection ares, giving rise to a current
which is nearly independent of 6 over a certain range.)

The properties of the plasma and of the associated magnetic field,
as they emerge from the present discussion, are summerized in Table 6.
Note that while the experimental data appear to be consistent with the
assumption of a Maxwellian distribution for the random velocities of the
protons, they certainly do not prove that this assumption represents more
than a crude approximation. Thus, the temperatures in Teble 6 sre simply
an indication of the mean energy of random motion of the protons in the
frame of reference of the moving plasma.

(4) Average Direction and Angular Spread of the Proton Beam.

Since the plasma was fully modulated at the 2300 volt level, the
shapes of the current signals obtained at this level are independent of
the proton energy spectrum; they depend only on the angle & formed by
the bulk veloclty vector ¥, with the equatardal’ pleme of the satellite,

end on the angular spread of the proton besm. The position of their maxima,
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on the other hand, determines the engle which the plane passing through
the spin axis and the vector:V’o forms with the plane through the spin
axis and the solar direction (plane "p" in Fig. 12). We shall call this
angle @o .

Figs. 22a and 22b illustrate the procedure used for the analysis
of the observed pulses. The scale on the horizontal axis indicates times
in milliseconds measured from the instant when the normal to the cup
was closest to the solar direction. The dots in each figure represent
superposed measurements of individual current signals obtained during
two differéﬁt telemetering cycles.  The solid curves represent the
geometricalk response of the probe for parallel beams with O = 0° and
a = 40°% respectively, corrected for the distortimn due to the electronic
circuits (see Fig. 8). The vertical scales for these curves snd their
horizontal positions were adjusted so as to obtain the best fit with the
maxima of the experimental current signals; The times at which these -
maxima occur are shown in the figures as t . Considering the 15 ms delay
introduced,; by the electronic circuits, the values of tm shown in Figs. 22a
and 22b correspond, reépectively, to @B, = -7° and @, = 0° (negative
angles indicate directions to the south-east of the plane "p"). Analysis
of the various current signals recorded at the 2300 volt level gives
values of :,@., which cluster around 0°, with a dispersion of a few degrees.
We were ungble to determine whether this dispersion is due to actual
fluctuations in the direction of thf plesma flow or is due entirely

to experimentel errors. In this
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connection, we note that the timing signal from the optical
aspect sensor had an uncertainty of about 4 ms, corresponding
to an uncertainty of about 2.5° in PO s and that a somewhat
larger uncertainty is involved in the determination of tm.
In eny cese, we can safely state that whenever plasma was
observed during the third period of the Explorer 10 flight, the
engle Qo wes smaller than 10° in-sbsolute velue.

The current signals shown in Figs. 22a and 22b are slightly
wider than the curve representing the response of the probe to
e parallel beam of particles incident at a = 0°. The difference is
even greater for « >0°. We shall make a crude estimate of the
angular spread of the proton bem- needed to eccount for the
observed widening by assuming that both the response curve of
the probe and the angular distribution of the protons may be
gpproximated by geussian functions, with root mean square angles
equal to, AQ  and A9 - respectively. The observed current
signal should then be a gaussisn function with a root mean square
engle A@e glven by: |

& & >
(0ge) = (60 + (8@,

Comparing the observed signals with the response curve for a = 0°
(corrected for the distortion of the pulses due to the nom-
1inearity of the electronic circuits), and considering that,
for a gayssian distributidm, the root mean square engle equals
the helfnwidth at 0.6 maximum height,we find from Fig. 2la, a
value of, (A <P)a between .02 gnd .10, snd from Fig. 21b a
value of CA(D)a between .03 and .12.

i.
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If we interpret the angular spresd in terms of a "thermal"
agitation of the protons in the frame Of reference of the moving

plasma, we have:

2
( A¢ ) = kT/ano
Using the above values of ( agp )2 and a kinetic energy of
bulk motion E_ = 420 ev, we obtain "temperature" estimates ranging

roughly from 2 X 10° %K to 1 X 10° %K in the case of Fig. 2la and

from 3 X 10° %K to 1 X 10° %K in the case of Fig. 21b.

These results appear to be more or less typical of all
currenf signals obtained at the; 2300 volt level. Thus, we con-
clude that the renge of possibie "temperatures"” deduced from
the width of the current signals is not in disagreement with
that deduced from the proton energy spectrum. Of course, Elt
should be noted that both tempersture determinations are
very crude. Also there is no "a priori" reason why the two
"temperatures"” should be identical since the root mean square
velocitles of agitation pasrallel and perpendicular to .;)')o may
well differ from one another. ,

C. Third Period - Currents Cbserved in Situations of Type A.

The currents observed at times when the radial configura-
tion of the megnetic field was indicative of a type A situation
corresponded always to nominal flux densities smaller than
5 X 107 cm2sec™). However, these currents were occasionally

distinctly sbove the noise level. They were modulated by the




rotation of the satellite, with the maximm at the time when
the normal to the probe was cloz‘s;st tq the direction of the
sun (as in the case of the currents observed in situations of
type B)e In many instences, they sppeared only at the 2300
volt modulation level; in same cases, they appeared also at
the 800 volt and at the 250 volt levels, once evehn at the 80
volt level. Modulation at the latter volieges was observed
more frequently toward the end of the flight. The origin of
these small currents cannot be esteblished with certainty.

D. Obsgrvetions during the Fourth Period.

Duning the fourth period, the following sequences of events
took place.

Between 3-27-1450 and 3-27-1452, the magnetic field changed
direction ebruptly (from sbout § = 0%, 0 = -60° to ebout ¢ = 90°,
@ = 0°) end then returned just as sbruptly to approximately
the original direction. The next two plasma measurements at
the 800 volt and 2300 volt levels indicate that a substantial
increase. in the mean proton energy had occurred (§ (2300)= 2 § (800),
flat-topped signel at the 800 volt level), while the total flux
density. hed not chenged appreciebly.

At sbout 3-27;1500, the magnitude of the magnetic field at
the satellite (which had been for some time in the neighborhood of
13y ) begen to increase and reached a maximm of about 25 Y
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at 3-27-1640, after which time it decreased slightly, oscillating
around e value of sbout 20 ¥

At 3-27-1503, when the satellite was at a geocentric distance
of l.h4 Re’ the sudden commencement of a magnetic storm was
recorded on the earth. In the next six telemetering sequences,
(i.e., until 3-27-1655) the signals at the 2300 volt level (when
available) were sbout twice the size of those at the 800 volt
level. Moreover, the latter had a distinct "horned" shape which
had not been observed previously (see Fig. 15), while the signals
at the 2300 volt level still had a round top. There was also a
large increase in the total proton flux.

For the remainder of the observation period (i.e., until
3-27-1800, when the satellite was at 42.3 Re) the proton flux
remained et a level sbout double that observed prior to the sudden
commencement. However, there was no longer any marked difference
between @ (2300) and § (800), and the signals at the 800 volt
level sgein had e rounded top.

The sbove results whow that during the first two hours after
the sudden commencement sbout half of the plasma protons had noaminal
energies sbowe 800 ev. However,.the round top§of the signals at the
2300 volt level indicate that the proton spectrum did not extend much
beyond 2300 eve Thus the kinetic energy of bulk motion was of the
order of 1000 ev; however, the shape of the proton spectrum does
not appear to be consistent with a Maxwellian distribution of the
proton vplocities in the framof reference of the moving plasmsa.

Throughout the fowrth period, the positions of the maxima

were not appreciably different from those observed during the
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Preceding third period. Thus, there was no evidence for any
change in the direction of the plasma flow.

VI INTERPRETATION
There is little doubt that the fast-moving plesma encountered

by Explorer 10 during the third and Zourth periods of its flight
did not originate from the earth, but was a feature of inter-
planetary space (however, it is likely, as we shall see, that
"the presence of the earth might have materially modified the
plasma flow in the region explored by the satellite).

It is also difficult to sv>id the conclusion that the
reason why no fast-moving plasma had been detected in the pre-
vious periods is that the geomagnetic field acts as an obstacle
to the plasma flow, creating asround the earth a "cavity" which
the interplanetary plasma cannot penetrate (though the cavity
may contain a quasi-stationary plasma representing an extension
of the earth's atmosphere). The first appearance of the plasma
'at the beginning of the third period means that, at that time,
Explorer 10 hed traversed the boundary of the geomsgnetic cavity.

A. Theoretical Considerations

The interaction of a moving plasma with the earth's magnetic
field w.é.s first studied theoretically by Chepman and Ferraro (1931,
1932, 1933). The problem was teken up egain by Ferraro (1952, -
1960) whose work led to the prediction of a geomasgnetic cavity
of the general shape shown in Fig. 23a. Its characteristic
fesgtures are a blunt "nose" pointing towerd the oncoming wind,
and a long "teil" stretching in the downwind direction (see also.
Johnson, 1960; more recent developments of the theory are

described in a paper by Davis end Beard, 1962, which also contains
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a good bibliography of the subject).

This theoretical model is based on a set of highly idealized
assumptions, of which the most importent are: (1) ebsence of
plasma vwithin the geomagnetic cavity, (2) sbsenc: of magnetic
field in the moving interplanetary plasma, and {(3) absence of
randam motions of the plasma particles in the rest frame of
reference of the plasma ("perfectly cold" plasms).

During the last few years, it has become increasingly clear
that none of these assumptions correspond to reality. Thus,
before the flight of Explorer 10, even the qualitative validity
of the theoretical conclusions was questionable.

On the other hand, the findings of Explorer 10 showed that
the theqretical model was correct in predicting a sharp boundary
between the geomsgnetic cavity and the surrounding interplanetary
plesma. - Moreover, another importent feature of the theoretical
model, i.e., the strong forward-~backward asymmetry of the cavity
with respect to the direction of the plasma flow, was also
experimentally confirmed; while Explorer 10 crossed the geo-
magnetic boyndary at & distence of about 22 earth radii in the
anti-solar region, Explorer 12, moving in the subsolar regionm,
crossed the boundary at @bout 10 earth radii (seg section B
below). -, It is thus reasonable tQ explore thepomelbility of
interpreting the experimental results on the basis of the
theoretical model suitably modified to make it compatible
with the properties of the "real" interplanetery plasma.

The irreversible flow, indicated by the asymmetric shape of
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the geomasgnetic cavity, implies dissipstive processes
such as are likely to occur prominently if the plasma spproaches
the earth at supersonic speed.
In the ideslized theoretical model, the plasma flow is
indeed "infinitely" supersonic because in a "perfectly cold"
plasma with no magnetic field, the velocity of propsgation of small low-

frequency disturbances ("sound" waves as well as Alfven waves) is zero.*

* A collisionless plasma does not propsgate ordinary sound waves. How-
ever, same of the possible wave modes pave propsgation velocities
that are close to the velocity of sound, defined in the ordinary

manneX.

In the actual interplanetary plasma, on the othe:r hand, both
the "sound" velocity and the Alfvén velocity have finite values ,
end we must examine the experimental data to determine whether
these velocities are actually smdller than the bulk velocity.

In this connection, we note that the properties of the plasma
wind observed by Explorer 10 may differ substantially from those of
the "distant wind". In fact, it 1s well known that a supersonic
flow cannot be stopped suddenly by an obstacle (in our case, by
the geomagnetic cavity), but must first be modified in such a way
that, in the region shead of the stagnation point, the velocity of the
flow becomes subsonic. In the case of ordinary fluids, the conversion
occurs through a stationary shock front (or bow wave) that forms
chead and around the obstacle. It is reasonable to assume that a similar

shock front exists in the interplenetary plasms around the geomsgnetic

cavity (see Fig. 23b).
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Since collisions do not pley any asppreciable role in the
exceedingly dilute interplenetary plasma, the dissipation processes
that occur in the passege of the plasma across the shock front must
be due to a mechanism different from that operative in ordinary fluids,
& mechanism vhich is not yet well understood. In any case, it is
certainly true that between the shock front and the geomagnetic cavity,
plasma and magnetic conditions are different from those beyond the
front, where no effect of the earth's magnetic field cen be felt. In
particular, the plasma in this region will not only move with a
smaller speed and in a direction different from that of the distant wind,
but it will also have a higher "temperature" and carry a stronger
magnetic. field. For these reasqns, the "Mach numbers" of the local
wind relative to both "sound” waves end Alfvén waves will be smaller
than the: corresponding Mach numbers of the distant wind.

With this in mind, let us consider the Explorer 10 results. The
velocity. of bulk motion of the plasma was found to be substantially
larger than the mean "thermal" velocity of sgitation of the plasma
protons. Since the ™thermal" velocity is close to the "sound" velocity,
we conclude that th~ velocity of bulk motion was larger than the "sound"
velocity.

From Teble 6, we see that the ratio of the kinetic energy
density of bulk motion to the magnetic energy density was greater than
unity. Since this ratio equale the square of the ratio

of the bulk velocity to the Alfven velocity, we conclude
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that the bulk velocity was also larger than the Alfven velocity.

The observed plasma wind was thus supersonic with respect
to both "sound" waves and Alfvénvvaves; for the reasons explained
above, this conclusion gpplies a fortiori to the distant wind.
| Note that a bow weve does not sppear in the theoretical
model because in the limit of an infinitely large Mach number tie bow
" wave becomes coincident with the boundary of the geomegnetic cavity.

B. Experimental Deta Relating to the Geomagnetic Cavity and the

Bow Wave.

Besides Explorer 10, several other space vehicles have provided
information that can be used tq specify some of the parameters
characteristic of the interaction region between the interplane-
tary plasma and the geomagnetic field.

~ Pioneer 1 (launched October 11, 1958) and Pioneer 5 (launched
March 11, 1960) both went in the general direction of the sun. They
did not, .carry plasma probes, but they did carry rotating-coil magnetometers
which measured, intermittently, the component of the magnetic field
perpendicular to their spin axes.

Up to a geocentric distance of about 13 Re » the observations of
Pioneer 1 indicated a msgnetic field which was not verv different from
that of. .a dipole; Rowever, in the neighborhood of 13 Re » the field was
decreasing more slowly than a dipole field. Between 13 R, and 14 R,»
the field became highly disturbed and decreased in strength from ebout
25 ¥ to less then 10 ¥ (Sonett, Smith and Sims, 1960; Sonett, Judge ,
sims, and Kelso, 1960).

The observations of Pioneer 5 (Coleman, Sonett, Judge, and
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Smith, 1960) indicated a quiet magnetie field out to 10 R
Then between 10 R, and 1k R, the field became highly disturbed.
Between 14 R and 15 R, the situation changed sgain, and after
15 R, the field became much quieter and decreased in strength,
dropping to a value of sbout Sx at 20 Re.

Explorer 12 (which was launched August 15, 1961, on an
elliptical orbit with ancapogee of sbout 13 Re) cerried a plasma
probe, three flux-gate magnetometers and various high-energy
particle detectors. Its measufements refer to the subsolar
region.1 The magnetometers showed that, in this region, the
field was regular and had a styucture consistent (in strength
and direction) with that of & |'compressed" dipole field up %o a
certain distance., beyond which it became highly irregular
and its.direction changed drastically (by sbout 180°). The
distance at which the transitions occurred varied between 8 R e
and 12 R, (Cahill, 1962; Cahill and Amazeen, 1962).

The plasma probe sboard Explorer 12 did not supply data
pertinent to this discussion. However, the high-energy particle
detectors showed that the region populated by trapped particles
terminated near the point where the magnetic transition occwrred

(Rosser, O'Brien, Van Allen, Frank and Leughlin, 1962).

The combined results of Pioneer 1, Pioneer 5, and Explorer 12
support the theoretical model described in Section A. Moreover,
they show that the boundary of the geomagnetic cavity (separating
the megnetically disturbed region from the magnetically "quiet"
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region populated by trapped particles) lies, in the subsolar
region, between 8 R, and 12 R« ' They also indicate the presence
of a second swrface of discontinuity at 1k Re or 15 Re’ which
presumably represents the bow wave, separating the magnetically
disturbed region arcrund the geomagnetic cavity fram the un-
perturbed interplanetary field.

Fig. 24 summarizes in grgphical form the data mentioned
above. This figure was taken from the report presented by one
of us at a recent Symposium of IRE-PGNS (Bridge, 1962). &
similar picture was presented by Cahill at the same symposium.

C. A Tentative Model for the Geomagnetical Cavity.

Meking use of the above results, we now attempt to draw
a tentative and schematic model, for the geomagnetic cavity as
it existed at the time when Explorer 10 crossed the boundary.
and first detected the plasma wind. For this purpose, we still
need to, supplement the experimental Yata with a few hypotheses.

In~the first place, we assume theat the distant plasma wind
cames directly from the sun. Then in an earth-bound freame of
reference, the plasma wind outside the bow wave arrives at an
angle Of sbout 6° to the sun-earth direction in the plane of
the ecliptic, because of the orBital velocity of the earth.

We assume next that the geomagnetic cavity has axial sym-
metry around a line parallel to the distant wind and passing
through; the center of the earth. Moreover, we assume that the

boundary of the cavity can be gpproximated by a spherical cap
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joining smoothly to a conical s\;:‘face.

Finally, we take for the radius of the sphericel cap: a
value of 10 Re, vhich is the average distance at which Explorer
12 detected the termination of the geomagnetic cavity in the
sub-solar region.

The above assumptions, together with the observed position
at which Explorer 10 first encountered the plasma wind, determine
the boundary of the geamagnetic cavity; the conical surface
of this boundary has a half -angle at the vertex of about 20°
(see Bridge, lLazarus, Lyon and :Scherb," 1962; Bonetti, Olbert,
Rossi amd Siscoe, 1962).

The assumed shape of the geomagnetic boundary (a spherical
cep Joining to a conical "tail") is obviously an oversinlpuﬁ;
cation. - Indeed, since the earth's magnetic field is not axia].]y
symnetric with respect to the direction of the distant wind,
there is no reason to believe that the geomsgnetic cavity has
axial symmetry. We have also neglected here the complex phenamensa
that are likely to occur in the vicinity of those singular
points of the boundary surface where the magnetic field vanishes
(see, for example, Dungey, 1958). Moreover, the choice of 10 R,
for the,geocentric distance of f1}11«3 geomsgnetic boundary in the
subsolan region is, to some extent, erbitrary. This distance
could easily have been 20 percent larger or smaller; correspondingly,
the half-sngle of the conical "tail" could have been smaller or
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greater than 20°. Finally, one must remember thet, as demonstrated
by the Explorer 12 results, the boundary of the geomagnetic cavity .
changes ﬁth time. Therefore, our specific model refers only
to the geomegnetic cavity at one particular instant of time, i.e.,
the time when Explorer 10 left the cavity.

Undoubtedly, the present model will be refined and revised
a5 more experimental data become available. We believe, however,
that its general features will not change drastically, and we
feel Jjustifled in using it as a basis for the interpretation
of our data.

D. Alternate Appearances and Dissppearances of the Plasma.

An important feature of the Explorer 10 observations is the
alternate appearance and disappearance of the plasma during the
third period of its flight (trapsitions from situation A to
situatiopn B and vice versa). There are, in principle, two in~-
terpretations of these occurrences. The first is that the inter-
planetary plasma has a "stratified" structure, in which tubes
of force which are essentislly empty alternate with tubes of
force containing substantial amounts of plasma. The second is
that, during the third period of its flight, Explorer 10 found

itself alternately inside and outside the geomsgnetic cavity.#*

%* We diemiss here, as unlikely, the possibility that during inter-
vels of type A the direction of the plasma flow was within the

solid angie where the plasma probe was insensitive (o > 63°,

see Fig. 12).
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After examining in detail the results of the msgnetic field
measurements, we are convinced (a.s discussed below) that the
second interpretation is the correct one (Rossi, 1962; other
authors such as Piddington, 1962, have reached the same con-
clusion independéntly ). These measurements, in fact, strongly
suggest that the fileld corresponding to situations of type A
was to some extent modified by the presence of the earth,
vwhereas the field corresponding, to situations of type B was not.

In the first place, the field observed in the absence of
plasma (situation A), was found 'to point almost directly away
from the: earth. This 18 the expected direction of field lines
originating from the earth and contained in the elongated "tail"
of the geomagnetic csvify. Only by pure accident would one
find field lines with this particular orientation in a region
of space vhere the field arises from sources totally unrelated
to the earth.

\ In the second place, the data sumarized in Tables 3 and L4
show that the strength of the magnetic field observed during
the intervals of type A decreased with increasing geocentric
distance, whereas no such consigtent trend is detectable in
the magnetic field measured during intervals of type B. These
observations mre easily understood if we assume that the field
typical of situation A is the geomagnetic field modified by the
plesme wind, and that the field typicel of situation B is of

non-terrestrial origin. On the other hand, if we assumad that
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the field typical of situation A is also unrelated to the earth,
the observed decrease with increasing geocentric distance would
be entirely accidental. i
A much more detailed and critical enalysis of these questions
sppears in HNSS, to which we refer the reader for further in-

formgtion.%*

* H. Elliot, in a private commmnication (October, 1961), first
pointed out that the strength of the magnetic field detected

by Explorer 10 prior to the sud?en commencement decreased with
increasing geocentric dista.nce.“ ”He used this observation as
evidence that the field was of térrestrial origin (although
modified by the interplanetery plasma). When the distinction
between "situation A® end "situation B" was clearly established,
it became evident that Elliot's argument was valid for situstions
of the fj.rst type but not for situations of the second type. The
careful analysis of the magnetic measurements carriéd out by

J. Heppner and his collsborators (see HNSS) has now added
considerable strength to the copclusion that the field observed

in situationsof type A was of terrestrial origin.

The' sbove interpretation ofhthe alternate gppearances and
dissppearances of the plasma is consistent with our model of the
geomsgnetic cavity. To illustrate this point, Fig. 25 shows the
{ntersection of this cavity with the plane of the satellite's
trajectory. One sees that Eb:plérer 10 kept close to the assumed

boundary after leaving the geomsgnetic cavity. While we
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do not elaeim that the situation depicted in Fig. 25 represents
more than a crude spproximation, we feel justified in assuming
that Explorer 10, during the regéinder of its flight, was never
very far from the boundary as it existed at the time of the first
crossing. It is thus very likely that fluctuations in the
pesition of the boundary brought the satellite alternately in-
side and outside the geomggnetic cavity. Such fluctustions are to
be expected, since the position of the boumdary depends on the dynamic
pressure of the plasma wind and the Explorer 10 deta obtained outside
the cavity reveal spprecisble chamges in the plasma flux.

It as possible, also, that the boundary surface might be
somevwhat,"wavy", thus allowing sgyeral successive traversals
even without eny temparal changes in the position of the surface.

In qonnection with the pregent discussion, it is of interest
to recall that on March 26, at 0250 UT, while the satellite was
still within the geomagnetic cavity, the magnetic field began to
increase -in strength without changing direction (see section IV-B).
Presumably, this increase was due to a compression of the geo-
magnetic cavity, caused by an increase in the plasma flux. Pos-
sibly, when the plasma wind was first detected a few hours lster,
the geomsgnetic boundary wes still moving inward at a speed
greater than the outward speed of the satellite. If so, it would

be more appropriate to say that the geomegnetic boundary had moved
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past the satellite, rather than to say that the satellite itself

had crossed a relatively stationary boundery.

E. Properties of the Plasma Detected by Explorer 10 During

the Magnetically Quiet Third Period.

If Explorer 10 never got very far from the geomagnetic
boundary, the local wind detected by the plasma probe must have
been practically tengent to this boundary. If, moreover, the
boundary was exielly symmetric, the wind direction would lie in the
plane passing through the axis of the cavity and the point of
observetion.

Iet us asstme that at all times when Explorer 10 detected
a8 plasma,:wind, the geomagnetic gavity had the shepe shown in
Fig. 25. We then find that at the point wvhere the satellite's
trajectory first crossed the geamsgnetic boundary, the plasma
wind mus{ have had the direction shown by point Ll in Fig. 25.

We elso find that, despite the motion of the satellite, the

wind direction changed very little during the remainder of the
flight, the representative poinf moving only from I.1 to L2.

Points L; end L, are well within the "window" that contains the

wind directions campatible with our observations. Thus, the proposed
model of the cavity is consistent with these observatioms.

The directions corresponding to points I‘l and I? lie
practically in the equatorial plane of the satellite (represented
by the line "n" in Fig. 26). Therefore, the angle @ for the
locel wind is practically zero. . Of course the exact value of

a thus determined is not significant because the assumed shape
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of the geomesgnetic cavity does not represent more than g crude
spproximation. However, it would seem that for all reasonsble
directions of the local wind which are consistent with a distant
wind coming directly from the sun, @ should 1ie between 0° and 20°
(notice that a = 20° corresponds to a nearly cylindrical, rather
than conical, "tail" of the geomagnetic cavity).:

For angles smaller than 200, the differences between "nominal”
and actual values of the flux and the energy are within the limits
of our experimental uncertainties. Thus, we msy use the figures
listed in Table 6 as a reasonable estimate for the properties
of the plasma observed during the third period of the flight.

We-wish to note sgain that, in:all likelihood, Explorer 10
never went out of the stationary shock front which has been
assumed to surround the geomsgnetic cavity. Presumably, the
mechenieal and magnetic properties of the plasma undergo a
change across the shock front; thus, the experimental data of
Explorer; 10 may not represent accurately the properties of the
interplanetary .plasma at large distances from the earth.

F. Explorer 10 Observations at the Time of the Sudden Commencement

As-noted in HNSS, s class 3 flare gppeared on the east limb
of the sun about 29 hours before the sudden commencement observed
on the earth snd the almost simultaneous increase in plasma flux
and magnetic field strength recorded by the instruments aboard
Explorer 10. If this flare was indeed responsible for these
effects, the mean velocity of propagation of the_ disturbance in

interplanetary space was sbout 1400 km sec™t,
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Presumably, the disturbance corsisted of a shock wave
produced by the solar. outburst and travelling over the "normal"
solar wind. Immediately behind the shock front, one should expect
to find a plasma moving with a bulk velocity smseller than that of
the shock front itself (which corresponds to a proton energy of
about 11 kev). The protons detected by the plasma probe hed
energies below 2300 ev, corresponding to a velocity of less than
640 km sec™t. The shape of the current signals is not consistent
with the assumption that the probe was detecting the low-energy
tail of 'a broad distribution peaked st an energy greater than
2300 eve

Thus, the bulk velocity of the plasma appears to differ from
the computed mean velocity of pyopagation of the shock front by
at least a factor of two. However, one must consider (1) that
the velacity of the shock front-mear the earth might have been
smaller than its mean velocity, (2) that passage through the bow
wave might have decreased the bulk velocity of the plasma. It
is also -possible, of course, that the observed magnetic field and
plasma flux increases were not caused by the flare referred to above.

G. Configuration of the Magnetic Field Lines

In the theoretical model of the cavity produced by the
interaction of a moving interplanetary plasma with the geomagnetic
field, 8ll of the megnetic fielg lines originating from the
earth return to the earth. This is a consequence of the assumption
that the interplanetary plasms does not cerry any magnetic field.

Even though it is now known that a magnetic field exists in
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interplanetary space, one might be inclined to believe that
the earth's magnetic field is still confined to the geomagnetic
cavity. According to this picture, the lines of force of the
interplanetary field would spread out in the vicinity of the
earth so as to envelope the geomagnetic cavity and remain dis-
connected from the field lines originating in the earth. The
magnetic field vectors on the inner and outer side of the geo-
magnetic boundary would then be tangent to this surface (without
necesserily being parallel to each other).

The general pattern of the experimental data provided by
Explorer 10 does not appear to sypport this view. In fact, elong
those sections of the trajectory;which were outside the cavity,
the averyage magnetic field formed large angles with the boundary,
being ofiten spproximately perpendicular to it. Inside the
cavity, -the arerage ma@etié field (which was nearly radial from
the earth) also formed a finite angle with the boundary of the
cavity. - Thus, it would seem that the field lines originating
from the earth do not remain copfined to the gecmagnétic cavity
but conpgect to the field lines of interplanetary space through

the boundary of the cevity.*

% As notéd in HNSS, some uncertéinty exists in the direction of the
Ixplorer' 10 spin axis; the extréme velues for its ecliptic longitude
are 59.5° and 63°, and the extreme values for its ecliptic latitude
are -300' and -46.5°. However, these uncertainties do not affect
significiantly the conclusions stated here concerning the magnetic

field directions.
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Since the interplanetary plasma flows past the geomegnetic
cavity at g'rea.t speed, while the cavity itself contains a neerly
stationary plasma, it seems difficult to reconcile such s magnetic
configuration with the generally accepted belief that the magnetic
field lines are frozen into the plasma.

In view of. this dii‘ficulty, it is advisable to exercise great
caution in the interpretation of the experimental results.

One possibility is that the geomagnetic cavity is separated
from the interplanetary plasma by a boundary layer of finite
| thickness, and that within thig dayer violent dissipative
processes occur which effectively de-couple the field lines
of the interplanetary plasme fyum those contained in the geomagnetic
cavity.: The transitions whichwe have defined as "complex"

(see segtion V-A) sppear to suggest, in fact, the presence of

a boundary layer of considerable thickness. However, most of

the transitions were not complex. Moreover, it is‘ possible

that the reapid changes of msgnetic field and plasma flux occurring
during the complex transitions mey have been due to fluctuations of
a thin geomagnetic boundary. The fact that, even during such
transitiox}s, the correlation b‘e{;veen plasma flux and magnetic
field direction persisted, supports the latter point of view.

In any case, the character of the fluctuations in the wetic
field observed during the compiex transitions does not suggest

the kind of turbulence that:one would associate with strongly
dissipafbive processes. Thus, there is little experiméntal evidence
to suppart the view that dissipation of energy within a boundary

layer of finite thickness mey provide a way out of the difficulties.



-01-~

Another possibility is that the field lines, both inside and out-
side the geomagnetic cavity, approach the boundary at a finite engle and
then turn sharply so as to become parallel to this boundary.

To test such a possibility, we examined in detail the behavior of
the megnetic field in the vicinity of the various trensitions which,
according to our interpretation, represent traversals of the geomagnetic
boundary (see Table 2). We found no evidence that the megnetic field
tended to become parallel to such a boundary at the times when any one of
the 13 simple transitions occurred, aend only a few of the observations made
during the two complex transitions!might be compatible with magneticfields
perallel torthe boundary. A typicsl example of the changes in the direction
of B corresponding to a simple tram;itim is illustrated in Fig. 27.

It would be Premature, perhsps, to draw any firm conclusion fram the
sbove results, in view of the fact that the magnetic field was not measured
coentinuousliy, but only at intervals of 2™8%., One must also consider the
uncertainties introduced by the arbitrary assumptions on which our tenta-

tive model of the geamsgnetic cavity is based (see section VI-C). Of these
assumptions; the one which affects “the predicted orientation of the geo-
magnetic boyndary most critically is the hypothesis that the plasma wind
flows radially away from the sun. ,One might inguire if, by abandoning
this assumption, one can construct.s reasonable madel for the geomagnetic
cavity such;that its boundary is parallel to the magnetic fields observed
near ‘l;he transicions. It turns out that this is possible, provided one
assumes that the distent wind comes from a direction near the plane of
the ecliptie at about hSo west of the sun (see Bonetti, Bridge, Lazarus,
Lyon, Rossi; and Scherb, 19624). The direction of the "local" wind cor-
responding }0 this model falls within the "window" contalning the allowed

directions of the observed plasma flow. However, this model appears
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unreaglistic on the following grounds: First, it is difficult to imagine
a mechanism that would account for the wind coming from that particular
direction. Second, considering the intersection of the geomagnetic cavity
produced by this wind with the orbital plane of Explorer 10, we now find
that the satellite, after crossing the boundary at 22 R o moved rapidly
away fram it. Thus, it is no longer possible to explain the alternate
dissppearances a.nq. regppearances of the plasma by expansions and contrac-
tions of the geomsgnetic boundary, unless these oscillations had a very
large amplitude.

In conclusion, we wish to stress the fact that questions of basic
importance are still unresolved by p,resentA experimental information on
the interplanetary plasma and the geomagnetic bdundary. It is essential
that further experiments be undertgken, designed to provide a detailed .
description’of conditions existing in the immediate vicinity of the geo-
magnetic boundary and within the boundary layer itself, through continuous

recording of magnetic fields and plasma fluxes.
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Table 1.

Time intervals during the third period of the flight when
measurements of the magnetic field and plasma fluxes indicated
situations of type A or type B. Geocentric distance is the
distance of the satellite from fhe center of the éarth (in earth
radii). Lateral distance is the distance from the sun-earth
line. During interval No. 10, which was considerably longer
than the others, plasma and megnetic conditions underwent
substantial changes. Ihereforé, this interval has been divided
into four sub-intervals for the purpose of analysis. The transi-
tions between intervals 1 and 2 ;and between intervals 4 and 5 are
of the Mcomplex'type. All other transitions are of the "simple"
type. |
| The telemetry cycles, times and distances indicated in the
table correspond to the first sequence of measurements (optical
aspect, magnetic field, plasma flux) made in the respective

intervalse




Interval Telemetiry Geocentric Lateral
LiCe Cycle Time Distance Distance Situation
(Re) (Re)
--------------- 318 ~w== 26/0410 =w-ec 21.0 ~ccceccac 16,7 memmmmccmccccccc e ————
1
--------------- 352 =emmmam 0534 mcome 22,2 cocmccman 1703 mmmmcmmemm e
Complex
Transition
--------------- 36k —mmemmen 0603 —ccae 22,6 mmmcmcocce 1706 =mcccecmac o ccmmac e ccaaeee
2
--------------- BOG =mmmmme OTSH memee 242 mmecmeeme 1805 —cecccmemmcDacococmcccccoen
3
--------------- U1y —mmmmmm 0805 =mmm= 2l mmmmcmen 1806 mmmmmmmmme B
4
--------------- L50 ==mmm=c 0935 —mco= 25,7 ==cmommme 1943 mmmmmmmmmmeBem
Complex
Transition
--------------- BT emmcmmn 1026 oo 26,5 deomcmaen 1906 memcemem e
A SR 512 =mmemmm 1207 ==mm- Y O — 20.3 =mmmmemeae- A e
p T
--------------- S5l mmmmman 1306 wemme 28,7 meccmmcme 2008 cemcmmmmemeBe o cccccccceccee
T
S 578 mmmmmee 1450 —mnmm 29.7 memmmmmas 21,3 =memmmemmee A e
8
--------------- 602 wmmmmme 1639 —ccc= 30.9 mcmmmcmce 2109 mccmmmmmoemDeccmccmccceeeee
9
--------------- 662 =mmmmme 1B1T mcoen 32.0 comcmmmem 20 M comemeeen B L
10a B
--------------- T3l =e~emme 2115 —ecme 33,7 ==mmeceee 23,6 cememmecc e e
10b B
--------------- 81l ---= 27/0032 --=== 35.3 ===cmceoe 243 cmmm e
10c B
--------------- 854 mmcmece 0211 ~mmeae360l mmcmmmmme 2408 ccmm e e
104 B
—e—mem———m———— 952 =mmmm=m 0613 =m-== 38.0 pemmmmmn- 05,1 mmmmmmmm—— =t ——————— e
11 A
--------------- 965 mmmm=m= OBU5 === 38,2 meecmmmmn 25,3 mmmommmmmae e
12 B
-------------- 1000 ======= 0811 =--== 38.8 mm=cmmemc 25.5 mmcommmmmee Do
13 A
-------------- 1050 =m=m=mm 101k mmcme 39.6 m=m=mcmm= 25,7 mcccmemcmamTamcmcm————ac ;e
1k B
cmmmm————— 1081 =mmmmm- 1131-mmmm- 40.} mmmmm———- 26,0 wmmmmmmommeSem e ———————————
15
-------------- 1118 —mccmmm 1300 =ccme 40.6 momccmmmn 9642 cmmmmmmcm B e
16
-------------- 1157 =ammmme 1438 mmmce 413 eocmmmmme 26.k4 mmmmmmmmmee B




Table 2,

. Details of measurements of magnetic field and plasma in
the vicinity of transitions. The pumbers in the first column
specify the telemetering cycle; measurements referring to sub-
sequent cycles are separated by 2 28°%. B is the absolute
magnitude of the magnetic field vector (in units of 10™° gauss,
or gammas); § and © are the two angles (solar ecliptic longitude

and ecliptic latitude) which describe the direction of this vector.

" The nominal flux densities listed correspond to the currents

measured at the 80, 250, 800 and 2300 volt modulation levels.

These measurgmnents occupy four of th§~eight telemetering cycles which
form a complete sequence (see Fig. 13)}. Question marks

indicete measurements missing because of electronic disturbances.
From 26/053k4 o 26/0603, and then sgain from 26/0935 to 26/1026

more frequent changes from situation A to situation B and vice versa
took place than during the rest of the flight. We chose to describe
these occurrences as "complex transitions" rather than as a sequence
of short time intervals of type A and B, although it is not clear that
the @distinction is physically significant. Notice the isolated oc-
currence of situation A during one telemetering cycle (No. %19) of

time interval- No. k.



Magnetic Field Plasma 11
B ¢ 0 Nominal Flux Density |
(garmas) (degrees) (degrees)| - (107 em™ sec™%)
Telometry| . 9(80) P(250) P(Goo) P(2300) | situe- |
Cycle Interval tion
346 31 150 -35 0 - - - A
347 I 31 150 -36 - ok - -
348 31 156 -30 - - .5 -
349 @ 32 155 -32.5 | - - - 0
350 33 L7 -37 - - - - .
351 l 32 156 -32.5 | - - - - A
352 26/053% 12 46 -22.5 | - - - - B
353 $ 20 137 -21 - - - - A
35k 1k 65 -19.5 . - - - B
355 13¢5 15 =55 - .3.0 - - B
356 COMPLEX 32.5 152 -28.5 | - - 0 - A
357 , TRANSITION 32 152 -28.5 | - - . 2 A
358 | 32 151 26 - - _ ) A
359 26 130 +1h - - - - B
‘ 360 10 59 -4k - - - - B
361 28.5 89 +31.5 | - - - - B
362 30 152 -28 0 - - - A
363 I 31 151 -3h - o - - A
36k 26/0603 1% -33 -49 - - 30 - B
365 { 8 43 -60.5 | - - - 26 !
366 10.5 16 +11 - - - -
367 13 21 i - - - -
368 11 29 -1 - - - -
369 13.5 3 -25.5 | - - - -
: A4 4
- Lok L 29 -3k - - 28 -
- Los5 1% 20 -38 - - - 22,5 !
Lo6 15 -10 - - - - - ‘
Lo7 13 9 -61 - - - - L
Lo8 \ 12 50 ~-30 - - - - ‘ B
ko9 26/0754 29 159 -30 - - - - { A
410 ' 28.5 160 -3k 0 - - - g
411 18.5 140 -4o.5 - 1.0 - - ;
iz ‘ 28.5 162 -33 - - 1.1 - ‘
b1s | 28.5 169 -0 - - - W7 boA

.




Magnetic Field

B

(cammas) (degrees) (degrees)

¢

°]

Plasma
Nominal Flux Density
(lO7 cm2 sec-l)

ue’:‘;:‘fy Interval §(80)' §(250)  9(800) §(23oo)4 15:5;::;&.
L1k 26/0805 15 -1 b6 - _ _ _ B
415 ' 14.5 88 -59 - - - -

416 13.5 . 13 -1 - - - -
B7 . 19.5 24o =49 - - - -
18 4 ') 13.5 =53 -61 0 - - - B
k19 24 160 -ho - 2.3 - - A
420 n 2 -56 - - 30 - B
421 1 266 -80 - - - 21 L
‘ ’,AL -
I‘N ~
L3 13.5 -28 -50 - T - -
Lk 0.5 -1 -56 - - 6.8 -
445 17.5 13 +3k4 - - - 15.h
446 15.5 -36 -46 - - - -
¥l d 19.5 -83 -T1 - - - -
4148 20 -60 -30.5 | - - - - I
Lhg ' ] 20 211 -46 - - - - 3
450 26/0935 29.5 176 -30 0 - - - A
451 } 16.5 150 -30 - .5 - - 5
452 28 170 -33 - - 0 - A
453 k.5 165 -5h - - - 22.8 3
Lsh 24 180 =15 - - - - A7)
455 19 -39 -2.5 - - - - B
456 11.5 -29 -34 - - - - B
k57 18 -36 -52 - - - - B
458 8.5 38 -3k 0 - - - B
459 COMPLEX 22.5 178 -1 - 0 - - A
460 TRANSITION| 5 175 _33 ) i o i N
L61 26 168 -4o - - - 2 2
L2 25.5 169 =10 - - - - A
463 11.5 -10 -21 - - - - B
Lok 17.5 -60 -56- - - - - B
L65 17.5 0 -38.5 | - - - - B
466 15.5 =50 -33.5| 0 - - - B
k67 18 -17 -ko - .8 - - B
468 20 191 I - .5 - A(?)
L69 10 128 -48 - - - 2 B
470 ] 10.5 98 8.5 ] - - - - B




Magnetic Field Plasma
B ] o Nominal Flux Density :
(gamas) (degrees) (degrees) (J.O7 cm™2 sec-l)
fﬁiﬁry Interval | §(80), P(e50) §(800) §(2300) Sﬁﬁa

Mral 26/1026 21.5 173 -38 - - - - i A
472 ' 20.5 161 -3 - - - - s {
473 ok 169 -27.5| - - - -
L7k Q8 22.5 165 -38.5 ) - - -
475 22 165 -33 - 0 - -
476 24 172 -30 - - 0 -

~ ~
506 20.5 161 . -38.5 0 - - -
507 22.5 162 41 - o} - -
508 ;21 158 H - - 0 -
509 21.5 160 -35 . - - - 0
510 . 23.5 173 -31.5 - - - - Y
511 ] 21.5 162 -40.5 - - - - A
512 26/1207 16.5 11 -65 - - - - B
513 ' 8.5 184 -75 - - - - 4
51k 3 9.5 69 -57 0 - - -
515 13 121 -67 - 2.1 - -
516 ) 12 -29 -52 - - T13.k -
517 ‘ 10 ? -l5 - - - 17.7

;La o
538 _ 13.5 109 -4o -k - - -
539 12 100 wah - 2:3 - -
540 11 10k -L6 - - 21 -
541 10 97 -39.5 | - - - 17
542 1 11k -bs - - - - !
543 v n 93, -22.5 | - - - - B




Magnetic Field Plasna

| B ¢ 0 Nominal Flux Density
(gamas) (degrees) (degrees) (207 en™? sec™d)
vete” | Interval | §00)  hreso) §(ooo) §(ewo) - situa

sMi | 26/1326 °  18.5 16k T - - ] s
545 (18 10 -30 - - - - Y
546 7 20 162.5 -35 0 - - -
skt 19.5 158 -32.5 - 67 - -
548 21.5 161 -30 - - 1 -
549 19.5 167 -27 - - - 2

ﬂLJ ~

o ~
5T1 19 151 -43.5 - o} - -
S5T2 18.5 151 -}lﬂ o5 - - o] -
573 .18 143 395 - - - L
5Th 18.5 151.5 -40 - - - -
575 _19 169 37 | - - - .
576 19 165 -32.5 | - - - - |
57T ' 19.5 161 -30 - - - - A
578 26/1450 16 132.5 -418.5 | o - - - ; »
579 | f 14 96 22 - 1.2 - - , B
580 15.5 109 -13.5 | - - 12,7 - !
581 8 1k 100 7| - - - 9.0 |
582 14 110 -23 - - - - }
583 16.5 100 -11 - - - -
584 ’ 1.5 5T 6.5 | - - - -

au ~
616 18.5 92 -9 - - - -
617 | 18.5 92 -9 - - - _
618 19 92 -8.5 0 - - -
619 | _16.5 85 -6 - 1 - - |
620 A 18 . 68 -2 - - . 15.7 - B
621 26/1636 15.5 106 -24 - - - 3.k ?

i




Magnetic Field

B

(gammas) | (deérees) (degrees)

g

e

Plasmea

Nominal Flux ‘Density B
(.'!.O7 a2 sec"l)

[elem . ;

orete | msterval fo) Heo) Bwo) Fewo) | sioma
622 26/1639 19.5 138 -38 - - - A
623 20 k2 25 | - - - }
624 19 1k2 b7 - - -
625 9 18.5 1k -5 - - -
626 18.5 140 -5 | o0 - -
627 17.5 1 41 - .5 -

| e R
656 15.5 143 -30 - - -
657 16 160 -32 - - -
658 116 143 -33 | 0O - -
659 15 163 =57 - 0
660 .16 130 -38 - - 0 '
661 ) 18 13 -43 - - - A
662 26/1815 15.5 81 +2 - - - B
663 . 17 T0 +7 - - -
664 16.5 102 -15.5 | - - -
665 17.5 88 -9 - - -
666 16 90 -11 0 - -
66T 16 98 -13 - . .5 - L

ﬁb’ o

946 15 -27 -i3 0 - -
o7 1 -3 -k6 - T -
9u8 11.5 -31 -k - - 12k
949 9.5 -48 -39 - - -
950 12 -27 =525 | - - - '
951 12.5 233 -69 - - - B




Magnetic Field Plasmg,
B - ¢ | 0 Nominal Flux Density
| (gamas) (degrees) (degrees) (,'LO'r cm2 sec'l)

vl I |H) Bes0) §oo) Bla) | e
552 | 27/0613 16 160 -6 - - - - A
953 ’ 22 169 -37 - - - - ’
95k 22 151 -0 0 - - -

955 20.5 166 -37 - 0 - - 2
956 19.5 181 -22 - - 0 - ’
‘ 957 21.5 159 Ty - - - o4
958 QB 22.5 . 161 -30 - - - -
059 | 22.5 167 =35 - - - -
960 23 170 -27 - - - -
961 » 4 21.5 161 <35 - - - -
962 .24 by o R -36 0 - - -
963 ' - 23 169 -39 - o - - \

| G964 v 1745 178 -h6 - - <5 - A
965 27/0645 13 169 -63 - - - k.2 B

966 ) 10 7 -63 - - - - ‘

| 967 8 s -50 - - - -

968 ‘ n - 8 -5k - - ) -

969 9 9 -4o.5 | - - - -

970 8 -39 - - -

ﬂLJ , ~3

99k n 68 =Tl - - -

995 9 18 -90 - 1.k - -

996 e5 50 -81 - - .15.0 -

997 11 108 -85 - - - 11.1

998 ' 8,5 L6 -60 - - - - Y
999 Y 1 140 -60 - - - - B




l
Magnetic Field Plasns,
B ' ¢ ’ e Nomingl Flux Density
(gummas) (degrees) (degrees) (107 cn? gec™t) ,

i rd O 09 _o0) §0w) fw) | i
1000 27/0811 19 160 -35 - - - - Lo
1001 s 20 154 43 - - - - o
1002 21 163 -36 0 - - - §
1003 (5} 20.5 157 4o - 0 - -
100k 21.5 163 -33 - - 1 - |
1005 | 21 166 -3k - - - T

~ T
104k 16.5 151 -45.5 - - 0 -
1045 16,5 153 s |- - - ?
1046 ‘16 151 A - - - - |
1047 16 146 -ks - - - - !
1048 ' 15.5 146 -6 - - - - L
1019 v 15.5 140 -51 - - - - .A
1050 o7/101% 11 T —51 0 = = - . B
1051 11 20 -3 - b - - L
1052 qu 10 -10 .52 - - 8 -
1053 {1 10.5 -2 -46 - - - ? ‘
1054 10 30 -7 - - - - !
1055 \ 11 20 -18 - - - - |
AL .. |7
1074 10 81 -60 0 - - - B
1075 13 126 -35.5 - .o - - ?
1076 1 137 -62.5 | - - 5.7 - ?
1077 10.5 = 58 -48.5 | - - - k.7 B
1078 9.5 69 -51 - - - - 1
1079 \j 11.5 106 -16 - - - - ' B
|
i
1080 27/1128 12.5 13k -53 - - - - 2




i Magnetic Field Plasme

i_ B ¢ 0 Nominal Flux Density

| (gammass) (degrees) (degrees) (11.07 2 sec'l)

P-eéyex(::u]::ry Interval _ 6(80) 5(250) §(8°°) § (23?,0) e
1081 27/i131 14 146 -56 - - - -
1082 14 2 -5k { o0 - - -
1083 1 110 -13 - .5 - -
108k , '5, 1% 140 -9 - - 1.7 -
1085 14 1k0 -51 - - - 3.6
1086 1k 149 -60 - - - -
o

1112 17 132 -46 - - - -
1113 17 132 L) - - - -
111k "16.5 133 -ks5 0 - - -
1115 15.5 133 -8 - 2.1 - -
1116 1he5 133 -49 - - T 3.2 -
1117 v 16.5 130 -67 - - - 2.7
1118 27/1302 4 137 -68.5 | - - - -
1119 9.5 -4 ? - - - -
1120 11 -4 -28 - - - -
1121 12.5 7 -28 - - - -
1122 12.5 0 -38 0 - - -
1123 1 L -32.5 | - b - -
112k 1 ~2,5 -31 - - TeT -
1125 11.5 -1 -3 - - - 2




Table 3.

Aversge magnetic conditions during the time intervals of type A
listed in Table 1l. -'.-l; is the arithmetic average of the magnetic
field strengths measured during each individual interval

(in units of 107 gauss); —a and © are similar averages

for the two angles (solar ecliptic longitude and ecliptic latitude)

-3
which describe the direction of the wvector B.



Interval B ] o
No. (gexmas) (degrees) (cegrees)
1 31 155 -32
3 27 158 -36
5 22 164 -35
7 20 15k -36
9 1T 143 -38
11 21 166 -36
13 18 155 -4
15 15 139 -48



Table k.

Average magnetic and plasma conditions during the time intervals
of type B listed in Table 1. -l;:, ;5—, and‘a have the same meaning
as in teble 3. -i (80),5 (250),6 (800) and-i (2300) are the
average values of the nominal flux densities at the 80, 250, 800
end 2300 volt modulation levels respectively for each interval.
The two sets of figures in the column underTi (80) / -75 (800)

represent minimumn and meximum velues of this ratio.



Magnetic Field Plasma
P () T (20) F (2300)
N [ F(e00) T (e0) T (:0) 3 (B00)

No. | (gexmas) (degrees) (degrees) (107cm'2sec-l) (percent) (percen:t) (percent)
2 13 22 -35 2L 1.6 12 105
§ i 15 -2k ~bh 25 .9-1.6 10 99
6 n 50 =37 17 1.2-2.3 1k 105
8 16 100 -9.2 13 0-2.7 7.k 86
10a 16 88 -11 9.8 0-3.7 5.3 92
10b 1% 68 -3 10 0-3.5 14 109
10c 12 T7 -34 15 1.9-2.8 15 109
104 13 39 -3k 12 0-2.9 Tl 95
12 9.7 39 -60 16 0-2.2 9.l 81
1k 10 38 -37 8.0 0-k.k 6.7 102
\ 16 11 1 -42 9.2 0-3.9 6.0 91




Tagble 5,

Ratios of the aversge values of § (80), § (250) and § (2300) to the
‘average value of Q (800) for all time intervals of type B, for
those time intervels in whichi (250) / i (800) 2 .10 and for those
time intervals in which—f(zso) /—f(eoo) &£ .10 (corrected values

for Ti (2300) / .f(800) sppear in parentheses).



T (80) 3 (250) § (2300)

g (800) g (800) T (800)
(percent) A (percent) (percent)
Aversge for all '
Type B intervals 1.5 -2.1 % 9.3 97
Avergge for intervels .
2’1"',6, lOb, 10c l -205 13 104-
(113)
Average for intervels
8, 108, 104, 12, lh, 16 0 - 3.3 6.9 g2
(100)

#* Only time intervals 2, 4, 6, 10c are included here.




Table 6.

Aversge properties of the plasma and the msgnetic field
observed during time intervals of the first group (3 (250) /3 (800)Z .10)
"end during time intervals of the second group (§ (250) / § (800)<.10).
The values lsbelled "minimum" and "meximm" are respectively the smal-
lesf and leargest of each group of average values (see Teble %). The
proton density n is the ratio of the aversge flux density-i to the bulk
o

belocity Vo. All the results given for the plasma were computed for ¢ = O

and, therefore, represent naminel values of the corresponding quantities.



Intervals
NO- 2, h, 6, 10b’ 1oc
(3 (250) / § (800) = .10)

Intervals
No. 8,10e,10d,12,14,15
(T (250) /T (800) <.1iC

—/vy] f

Averege Proton Flux Density,
(II.O7 cm'esec-l)

Velocity of Bulk Motion, Vo
(xm sec'l)

Proton Kinetic Energy, mV02/2

(ev)

Proton Density, n
3)

(em™

Proton "Temperature", T

(10° %K)

Megnetic Field, B
(gamas)

T

Energy Density of Bulk Motion,nmvoa/z

3)

" (ev e

Energy Density of A
"Thermal" Motion, 3nkT/2

(ev cm-3)

Magnetic Energy Density, Ba/auo

(ev an'3)

19
(miniwum:
(maximums

300 + 25
4oo + 60

7
(minimum: 3)
(maximm: 8)

6
(vetween 4 and 10)

13
minimum; 11
§maximum: 15;

1,500)
3,800)

(between 200 and T09)

300)

(minimum
600)

il

11
éminimum: 83
maximum:. 16

300 + 25

Loo + 60

L
gminimum: 3)
meaxirmum: 5)

<3

13
minimm;

)

1,600
(minimums
(meximums:

1,200)
2,600)

200

200)
700)



Fig .

Fig.

Fige.

Fige

Fige.

Fig .

Fig.

Fig.

1.

2.

3.

b,

T-

9.

FIGURE CAPTIONS

Schematic diagrem of the plasme probe and block diagram of
the electronic system.

Angular response curve of the probe for a parallel beam of
particles. The sbscissa is the angle d between the normal
to the cup and the direction of the incident beam. The
ordinate is the effective area of collection, normalized to
unity for perpendicular incidence. The dotted curve is the
result of a computation based on the geametry of the cup;
the solid curve is the result of g direct measurement made
by means of a well collimgted electron beam.

Explorer 10 (from the paper by Heppner, Ness, Scearce and
Skillman, 1963).

Showing the spin exis of the sgbtellite, the normal to the cup
n, the plasma velocity vector o’ and illustrating the angles

o @ 5, & -

Computed current signal for a parallel beam of singly charged
ions whose energy (in ev) is 1.2 times the modulating voltage.
The velocit vector lies in the equatorial plane of the satel-
lite (0 = 0°). The abscissa is the angle of rotation@ (see
Fig. 4) &nd the ordinate is the magnitude of the current
relative to that corresponding to a fully modulated beam
incident perpendicularly upon the probe.

Response curves of the probe for fully modulated parallel-
beams of ions forming different angles @ with with equatorisl
plane of the satellite. The ordingte is the effective area
of collection A norgalized to unity for perpendicular
incidence ( d =

Same as Fig. 6, with the effect%ve area of collection
normalized to u.nity at @ =

Distortion due to the non-linearity of the amplifier ‘and
the finite time delay of the electronic circuits. The
dashed c s C spond to the c ted response curves
fora—tgve -on‘s, a= 1&0, a =60 (see Fig. T).

Representation of the Explorer 10 trajectory in a cartesian
coordinate system with the origin at the center of the earth,
the x~axis toward the sun, the z-axis towerd the north
ecliptic pole, and, therefore, the x-y plane coincident with
the plane of the ecliptic. The distances marked on the
coordinate asxes are meesured in earth radii (Re) The motion
of the earth is in the direction of the negative y-axis.



Figo lo L]

Figo 11.

Figo 12.

Fig. 13.

Fig. k4.

Fig. 15.

F‘igo 16.

Projections of the trajectory of Explorer 10 on the X-y plane
(the plane of the ecliptic), on the x-z plane and on the y-z
plane (see Fig. 9). The line marked "Equator" represents the
intersection of the y-z plamne with the equatorial plane of the
earth. Heavy lines by the curves represent sections of the
trajectory where substantial plasma fluxes were observed. "SC"
represents the position of Explorer 10 at the time of the sud-
den comrencement. Dots represent positions of the satellite
at 8-hr. intervals (25/20 means March 25, 20° 00™yU.T., etc.).

Polar frame of reference used to specify directions. The
engle O is the latitude measured from the plane of the
ecliptic, positive toward the north. The angle @ is the
Jongitude, measured from the solar direction, positive toward
the east.

Mercator projection showing the following: the direction A
of the spin axis; the plane n traced by the normal to the
probe during the rotation of the satellite; the plene p de-
fined by the spin axis and the solar direction; the directions
(shaded oval areas) for which the probe was insensitive; the
"window" showing directions of the plasmas wind consistent with
the meesurements made beyond 21 Re.

Explorer 10 telemetry sequence.

Two samples of the telemetry records obtained during the
third period et the 80, 250, 800 and 2300 volt modulation
levels. The figure under each modulation voltege indicates
the nominal flux corresponding to the pesk of the current
signal. Vertical lines represent times when the normal to
the probe was closest to the direction of the sun; thus the
distance between two consecutive vertical lines represents
one rotation period. Notice that the éignal at the 80 volt
level is below the noise level in (a) and slightly above the
noise level in (b).

Sample of the telemetry records obtained during the fourth
period. Notice the "horned" shape of the signal at the 800
volt modulation level, indicating the presence of a substan-
tiel number of protons with nominal energies somewhat greater

than 800 ev.

Plasma and magnetic field measurements during the third and
fourth periods of the flight. The magnetic field data were
provided to us by Dr. J.P. Heppner prior to their publication
(see HNSS). Question marks in the plasma data indicate mis-
sing measurements and the short horizontal bars in many of the
2300 volt measurements indicate a shift of the zero level in
the amplifier output (see section IV-B). The different in-
tervals listed in Table 1 are indicated by the numbers above

the plasma data.



Fig. 17-

Figo 18-

Fig. 19-

Figo 200

Figo 210

Figo 22.

Fig. 23.

Fig. 2k.

Fig. 25.

Distribution of flux densities observed at the 800 and 2300
volt levels during the third period.

Directions of the magnetic field observed immediately before
each of the plasma readings at the 800 volt and 2300 volt
levels during the third period. Open circles refer to
"strong" plasma signals; solid dots refer to "weak" plasma
signals.

Average directions of the megnetic field observed during
the various time intervals of the third period. Solid dots
refer to situations of type A; open circles refer to
situations of type B. The number by each point specifies
the time interval to which the point refers, as listed in
Table 1. The two bars crossing at point No.2 represent the
spread in the directions of B observed during this time
interval. The line segment ElE represents the angular
displacement of the earth-sat€llite line during the time
of observation.

Plasma measurements at the 800 volt level on & condensed
time scale. ’

"Nominal energy" distribution of plasma protons. The
experimentgl points are obtained from Table 5 ("corrected"
values for § (2300) / § (800) are used). The curves repre-
sent theoretical spectra computed under the assumption of
a one-dimensional Maxwellian distribution for the "thermal"
velocities with the following parameters:

(1) E°=h20ev, T = 6.2 X 107 %K

(2) E, = 420 ev, T =2.6 X 10° °k.

Comparison between observed current signals and theoretical
curves which represent the response of the probe andoelectronic
circhu(i)gs for a parallel beam of particles with &¢ = 0 and

Q= .

(a) Schematic representation of the geomagnetic cavity
predicted in the case of a moving,perfectly cold inter-
planetary plasms with no msgnetic field.

(b) Tentative model for the cavity and the stationary shock
front produced by the interaction of the actusl plasma wind

with the geomagnetic field.

Pictorial summary of combined results of Pioneer 1, Pioneer 5,
and Explorer 12 concerning the boundary of the geomsgnetic
cavity and the location of the bow wave.

Intersection of the geamegnetic cavity with the plane of the
trajectory of Explorer 10. The cavity is assumed to have
axisl sympetry eround the direction of the “"distant" wind
(vhich is at 6° to the soler direction in the plane of the

ecliptic ), and to consist of a spherical cap Joining to
a conical tall with a half-angle at the vertex of 20~,



Figo 260

Figa 27-

Showing the directions of the "local" wind (L., L.,) at
the time when plasma was first detected and a% thé end of
the observing period. Shown also are the directions of
the earth-satellite line (E,, E.) at the same times,

and the direction of the diStent wind (D).

Directions of the magnetic field observed in the vicinity of
the transition occurring during telemetry cycles No. 104k to
1055 (see Teble 2). Prints labelled by consecutive numbers
indicete successive measurements, made at intervals of 28°%,
All points corresponding to measurements made before the
transition (1 to 6) fall within the small area enclosed by
the dotted line. The point E indicates the direction from
the earth to the satellite. The solid curve represents the
plane tezngent to the reomsgnetic boundary at the moment of
the transition, according to the schematic model of the geo-
nagnetic cavity described in section VI-C. The point lzbelled
"perpendicular” is the direction perpendicular to the tangent
plane. There is no evidence fram these data that during the
transition the direction of the magnetic field camne near to
the tangent plane. '
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